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I - 15)  RODII C l i O N

In t h e  past decade there has  been an unprecedented inc rea~~e

in t he number  of c o m p u t e r s  in s e r v i c e  at  n e a r l y’ e v e r y  l e v e l  of

sop histication. ) che reas  the first and second g e n e r a t i o n  computer

systems were mammoth i n  both scope and price , there now exists a

qui te sizeable market in the world for smaller , less expens ive

c o m p u t e r s .  W h e t h e r  one speaks of m i n i - c o m p u t e r s , m i c r o - c o m p u t e r s ,

or any  o t h e r  s i z e - r e l a t e d  te rm , the  f ac t  borne out b y i n d u s t r y

figures is that the number of systems capable of data input ,

mani pula t ion , and output is increasing rap idly.

There are many implica t ions , both philosophical and practical ,

which can be drawn from the rap id and , as yet , umslowed prolifera-

tion of devices capable of high speed da ta manipulat ion and

information presentation. However , the present researc h is

concerned wi th the fact that somewhere in the chain of computers and

computer peri pherals a link wi th the human element must be made.

It is true that some computer applications do not require direct

human in tervention . An example of this ni ght be a closed-loop

automa t ic process control sys tem ut ilizing direc t digital control.

On the other hand , a great many computer systems require a human

opera tor to enter da ta into the machine , moni tor data output from

the machine , or both.

Some compu ter peri pherals are desi gned to make a hard copy

of the computer output . Examp les of this type of peripheral are

~
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line printer s and m i c r o f i c h e  ou tpu t  m a c h i  r i e~ - W ith this type of

o u t p u t , t he  human ope ra to r  or observer  i s  a b l e  to e v a l u a t e  t he

in fo r m a t i o n  at h i s  l e i s u r e .  Much research has  been done to spec i f v

optima l qualities of printed typography. Such research i s  more or

less directl y’ transferable to hard copy- computer output devices.

The increasing use of interactive , or c o n v e r s a t i o n a l , compute r

systems and t h e  expanded use of systems with volatile output

information has spawned a relativel y new type of computer peri pheral

known as a computer-generated dot-matrix disp lay. These display’ s

are characterized by a cathode-ray tube or some solid-state device

upon which all alphanumeric and vector-graphic information is made

up cf some combination of small dots. Generally the dots are

illuminated spots on a darker background , althou gh disp lays do exist

which reverse this information/background contrast relationshi p.

The purpose of this researc h program is to derive predictive

metrics for information transfer for computer-generated dot-matrix

displays. Predictive metrics , in this sense , are equations which

predict observer performance on the basis of quantitative displa y-

parameters. The research is directl y app licable to displays which

do not exhibit a television -like raster. However , many dot matrix

displays which actuall y use a raster are operated with a modulation

which renders the raster structure invisible. Thus , the metrics

derived from this research are usefu l for any dot matrix display which

does not generate a visible raster structure .

This final technical report describes the major research efforts

conducted under this program during the three- v ear funding period .

I
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It describes pci -ti nent back ground research and concepts , ear l y

laborator y invest i gat ions of the effects of s p e c i f i c  d o t - m a t r i x  des i gn

v a r i a b l e s  upon c h a r a c t e r  leg i b i l i t y ,  two  r e s e a r c h  s t u d i e s  of dot-matrix

font  c o m p a r i s o n  and o p t i m i z a t i o n , an e m p i r i c a l  s tud y c o m p a r i n g  t h r e e

c o m m e r c i a l l y  a v a i l a b l e  d o t - m a t r i x  d i s p l a y  p a n e l s , and t h e  r e s u l t s  of

a s tudy  to d e r i v e  p r e d i c t i v e  equations of dot-matrix character

leg i b i l i t y .

b As a result of the numerous studies conducted under this program

and of the  la rge  amount  of emp irical data , this final technical report

is  q u i t e  l e n g t h y .  However , in view of the desi gn importance of these

data and of the historical lack of pertinent desi gn information , it

was decided to publish this as a detailed tec hnical report rather thaii

as a superficial summary report . It is hoped that the results of the

studies described herein will be used by the disp lay community as both

desi gn guidelines (which are sorely needed) and as stimuli for the

direction of further research.

Background

Dot-matrix displays are distinguished from other types of displays

by the confi guration of small dots which make up the symbols presented

to the observer. In contrast to these dot-matrix characters are the

s o - c a l l e d  s t roke  or cont inuous  charac te rs  w h i c h  are used in norma l

p r i n t  or type . That dots normally compose the symbols in a computer-

generated display is a direc t result of either the disp lay’ device

hardware or the di g it i l  nature of computers and the circuitry associated

with their perip herals. If the disp lay surface is considered to he

~1 
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composed of a number  of d i  ~c r e t e  p o i n t s , t h i n  each  p o i n t  n a y  hi’ g i~ cn

some type of an a d dr i ’~v~ much l i k e  t h c  m e m or \  l o c a t  i o n s  w i t h i n  t h e

couipu t ci- I t se I f .  W hen  a sv inho  1 I s t o  l ie  generated , t he add r e ss i s  of

t h e  p o i n t s  w h i c h  make  up that s y m b o l  i r e  read out  of some t y p e  of

memory and these p o i n t s a r e  then  i l l u m i n a t e d  - I h e  r e s u l  t , in t  c i r c u i t r y

is much less complicated than that of a coinpai -able vector or stroke

character generator.

Thus , dot-matrix disp lays would appear to be a log ical extension

of the di g ital nature of computers in general. Unfortunatel y , when

the desi gner of a dot-matrix display’ is confronted with satisf y ing

some specification for readability, leg ibility, or some other parameter

of such a display, a rather surprising fact surfaces. A voluminous

body of experimental knowled ge exists on the effect of certain display

parameters on readability. Most of these experimental data exist for

stroke characters , however , and suitable desi gn data for dot-matrix

disp lays are quite sparse.

The literature on dot-matrix displays is equivocal even on the

question of the relative leg ibility of dot vs. stroke characters.

Research has suggested that , under certain conditions , dot-matrix

character construction is superior in leg ibility to stroke symbol

generation (Semple , Neapy, Conway, and Burnette , 1971; Vartabedian ,

1971). Other research has indicated that stroke symbols are superior

under adverse conditions and that no si gnificant difference exists

in a more norma l viewing situation (Shurtleff , 1974).

Dot-matrix and stroke characters share many parameters , such

as character size , luminanc e , luminance contrast , aspect ratio , font ,

4
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and pciceIl t ic t i a r ca - In addition , dot -mat ri x cbaract ers jut roduce

se v e t - a l  i~ i thin—char a ct er p a r a met e r s  not found in other types of

syml i o l ogy  - These p a r a m et e r s  i n c l ude dot s i z e , dot shape , dot 5~~3C i ng ,

and number  of d o t s .  I t  s h o u l d  be noted that a l l  of these  p a r a m e t e r s

are  not i n d e p e n d e n t .  For i n s t a n c e , i f  dot s i z e , dot spac ing ,  and

number of do t s  are fixed , then t h e  c h a r a c t e r  s i ze , aspect  r a t i o , and

percent active area are automaticall y se t .

Sufficient experimental data exist to allow a fairly quantitative

assessment of the effects on operator performance due to levels of

some disp lay parameters (Gould , 1968; Howell and Kraft , 1959). In

addition , many researchers have contributed experimental data on

certain aspects of dot-matrix displays. Typically, studies of

dot-matrix symbology vary several display parameters while holding

the remainder constant. This is done as an expediency, since a

factorial experiment involving all dot-matrix parameters would be

prohibitively large. Among those parameters investi gated have been

font (Huddleston , 1974; Kinney, Marsetta , and Showman , 1966; Shurtleff ,

1970), number of dots (Shurtleff , 1974), dot shape and character

orientation (Vartabedian , 1971), and character size and luminance

(Taylor , 1975) . Perhaps the most extensive previous stud y of dot

matrix disp lay parameters was done at Hughes Aircraft Company in 1974

(VanderKolk , Herman , and Hershberger , 1974) . Much of t h i s  research

was based on a literature review and anai ysis done by Semple , et aZ.

(1971). Among the disp lay attributes stud ied were contrast ,

resolution (number of dots) , surround luminance , percent active area,

5 
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symbol  s u b t e n s e , and v i e w i l i g  ang l e .  The n a t u r e  of t h e s e  more important

des i gn v ar i a b l es and r e p r e s e n t a t i ve  r e s u l t s  are b r i e f l y s u m m a r i z e d

be low .

) esi~j u Varia bles

~sp~~z~j  L ur ’: ivzanie. Most computer  t e r m i n a l s  of t he  CRT v a r i e ty

produce a maximum luminance  of at l eas t  65 cd/rn 2 w i t h  some as much

as 350 cd/ rn 2 . Any d i s p l a y  luminance  above about 65 c d / r n 2 is p r o b a b l y

adequate , a s s u m i n g  that the ambient illumination is such that

sufficient contrast is maintained between the disp lay-ed characters

and their background . Manufacturers ’ specifications for computer-

generated al phanumeric cathode-ray tube (CR1) disp lays are noted in

Table 1 (Gould , 1968) . It must be recognized that there is a fundamental

trade-off between luminance and spot size of any CR1. As luminance is

increased , the spot size tends to spread and results in a more gradual

edge gradient for any character . This causes a reduced subjective

impression of sharpness and contrast. Also , increasing luminanc e by

increasing beam current can reduce the usefu l life of the CR1 and

should be avoided .

In comparison , matrix disp lay luminance is typicall y about 170 cd/m
2

(Reingold , 1974). Therefore , for research purposes , most CRT display -s

could be used to simulate the luminances produced by - dot-matrix displays ,

assuming other requirements can be met.

Luminance contrast or modulation. One of the more genera l equations

for defining luminance modulation , ~1, is: 6
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( 1 )

where

L is  t h e  max inulli [ On) I unT ie c i - e - , s~mho 1 lUll )  n an ce  on CRT J , and

D i s the ni i n  i mum luminance ( I  . e . , back ground  1 umi  n a n -  e on CR T)

In ty ’ J )  lea 1 compute !- —genel-ated di  sp lay  o p e r a t i on s , t h e  d i  sp lay is

viewed under ambient levels of abou t  S - 2 0 - l 0 ~ 0 l o x .  ‘[‘he a m b i e n t

i l l u m i n a n c e  p i-oduces a r e f l e c t e d  l u m i n a n c e  on t h e  d i s p l ay L which- 0

i s  added to both  t he  c h a r a c t e r  l u m i n a n c e  and the  bac k ground l u m i n a n ce  -

Therefore , 1 more i-eal istic equation for definin g luminance modulation ,

t1, is provided by Gould (1968):

(L. + L ) - (D. + L )
t- e i. e

(L. + L )  + (D . +~~~ )
~. e a

L. - I’.
— 

CI- CI’ ( - I
— L .  + D .  + 2L

CI- ~- e

where

L .  is the  internal ly produced symbol luminance , and

D~ is the i n t e r n a l l y  produced back ground l u m i n a n c e .

The maximum luminance  modu la t ion  on CR1 d i sp l ay s  is typ i c a l l y -  0.90

(Gould , 1968) and this is rarel y ob~~iined w i t h o u t  t he  u sc of f i l t e r s  of

one form or another (neutral density, polarized , circularly polarized ,

etc.) to reduce the reflected ambient illuminance. Studies by- Howell

and Kraft (1959) have recomniendeci a desirable luminance modulation of

0.94 and an acceptable luminance modulation of 0.88 for alp hanumeric

characters that are relativel y blurred due to the gradual , rather than

sharp, sym bol-to-back ground luminance gradients. Gradual luminance9



gradie n ts are usual l y a result of i n c r e a s i n g  t h e  spot S i  ~~ vi inc re-as i i i ~~

the max imum luminan ce.

One d i s t i n c t  a d v a n t a g e  of the  d o t - m a t r i x  d i sp l a y  i s  that the

spot size is governed by the size of the matrix cell and littl e halat ion

is obtained . Therefore , the dot-matrix energy’ gradient is quite s t e e p

compared to the conventiona l CR1, even under the best CRT condit ioi~~ ,

Element or dot shape . V u r t a b e d i an  (1970)  showed t h a t  e l em e n t

4 shape can be a determinant of subjects ’ performance. lie found that

elli ptical elements were inferior to circular elements in speed arid

accuracy of identification measures. As VanderKolk , ~~ a .  Pointed out ,

“the  eve can integrate luminous flux over a finite area” (p .  l U ) ,  so

the effect that element shape has on legibility is probab ly  one of

luminous densi ty. Hence , circles are more luminous per some finit e

area than are tri ang les that can be inscribed within the circles , for

example , and should be more detectable. Casperson , as VanderKolk ,

F et al. stated , found that rectangles are more detectable than are

squares. Gould (1968), Bibernan (1973) , Groves (1973) , and Thompson

(1957), as reported in VanderKolk , et al., all have stated t hat sim u la t ed

stroke characters , i.e ., charac ters with no perceptible spaces between

adjacent elements , are better than discrete element characters. This

would imply that elongated , re la t i v e l y  less dense elemen ts are bett er

if oriented vertically to minimize spacing. Vartabedian (19Th)) , contrary

to Gould , Biberman , Groves , Thompson , and Semp ic , et a,~~, stated that

circular elemen ts are superior to elongated elements for accuracy and

speed of identification , at least for CR1 applications. As Ketchel and

1))
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Jenny’ ( 1968) sunniiai- i :eel , t h e i - e can be l i t t l e ’  doub t  tha t e l e ’ c i e - n t  shape- ,

at the least , interacts with other vai jab es in  de te r in i n i rig c h a r a c t  Cl-

vi- synbo l l e g i b i l i t y .  ‘I’his in teraction was explored in the present

research.

PO~ s-ia1: and jnterelcrricr:t s~ewina. Elemen t size and interelement

spacing have been stud i ed from several approaches. Actuall y, there  are

three in terdependent variables; the third variable is overall character

subtense. Setting the sizes of any two of these variables will

au toma t i c a l l y- and inev itabl y set the size of the third .

Howell and Kraft (1959) used overall subtense to study leg ibility

of stroke characters projected on a ground glass screen. Their results

i n d i c a t e  t h a t  16. -I m i n u t e s  of v i s u a l  arc were sufficient for 97%

accuracy of identification. Shurtleff , Marsetta , and Showman (1966)

d et e r m i n e d  tha t Uj ) to  36 m i n u t e s  of arc mi g ht be required for e q u i v a l e n t

performance on a raster disp lay- . Ellis , Burrell , Wharf , and Hawkins

(1974) sho~ed that a dot-to-space ratio of .:1 was preferable to a

ratio of 1 :1 when total luminance (integrated over the entire character~

for  1)0th types of c h a r a c t e r s  was equa l .  This  means tha t  a character

composed of larger , dimmer elements is more leg ible than a character

of s m a l l e r , b r i gh t e r  e l e m e n t s  ( a s s u m i n g  the  same o v e r a l l  c h a r a c t e r  s i z e ) .

More da ta  on these interactions are contained in the present report .

Ambient il :woin~m~I e .  Card (1965) showed that i f  the  a m b i e n t

i l l u m i n a n c e at  the  d i sp l a y  is more than 10 times greater than the

disp lay ’s back ground illumin ance , and if the operator is adapted to

this ambient illuminance level , symbol -to-d ispla Y-back ground contrast

11  
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t at io s  iiiii st lie S i i ~i ) 1  t i e -a l i t 1\ gI’ eat e-i’ than wh e - n the-  a m b i e n t  —to—display—

h a c k g t -ound  c o t i t  l a s t  r a t i o  i s  l ess  than 10.  As indicated a b o v e , t h e -

e f f e c t  of ambi ent i 1 l u m i n a n c e  i s  genei-a l l y to  r educe  d i s p l a y e d

l u m i n a n c e con t  i-ast - lb i s  eiiv ix - o n m e n t a l  v ar  i at) Ic i s  f u r t h e r  e xp l o r e d

in the present resea rch.

I?~- J P c sJL r a t e .  ‘l’iie p resence  of f l I c k e r  i n  a d i sp l a y  i s  annoy ing

and usuall y’ in terferes w i t h  information extraction from any’ chang ing
4

or static disp lay. Persistence characteristics and emp iri i a llv

determined critical flicker frequencies (CFF) of phosphors commonl y

used on computer-generated CR1 displays are shown in Table 1 (Gould ,

1968) . It can be seen that relatively high computer bandwid ths are

necessary to generate even a few hundred charac ters on the typ i c a l l y

used P31 , P4, and P7 phosphors.

Display chrominance. CRT disp lays come in various phosphors , each

having its own characteristic chromaticity- coordinates and persistence

values. Although most existing or planned dot-matrix disp lays have a

predominantly- orange-red chromatic appearance , there are green and

yellow-green displays in prototype and desi gn stages.

In terms of visual efficiency, it is desirable to have a hue in

the green or yellow-green region simply because the eye is maximall y-

sensitive to wavelengths around 540 to 550 nanometers. Also , some

observers find a reddish disp lay annoy ing after a long viewing period .

Pertinent Literature

While the above discussion compares various sources of information

relative to specific disp lay desi gn variables , it may be h e l p f u l  to t h e

12
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re-~ide -r  t o  have- a b r i e - f ’ S U i n h r i a I \ ’  of t h e ’  more  pert inc-u t e ’x p e ’r i n en t a l

l i t e r a t u r e  - The- f o l  low i i F  s ho r t  suninia i - v  of s e v e r a l  of t h e s e -  l eg  i h i  l i t

s t u d i e s  o u t l i n e s  which d i  sp 1 a~’ varjab 1 c-s have  been s tud i ed and t h e

range over which these variables were -  e v a l u a t e d . It also shows the

t y p e s  of response  measures  used and emp h a s i z e s  t h e  c o n f u s i o n  and

ambi g u i t i e s  in t he  repor ted  results.

In  a p r e l i m i n a r y  stud y of d o t - m a t r i x  c h a r a c t e r s , V a n d e r K o l k ,

et al. va r i ed  dot s i z e  from 0 . 1 3  to 0 .51  mm and d i s t a n c e  be tween  do t s

from 0 .13  to 0 .51  mm . A 5 x 7 dot m a t r i x  was compared to an 8 11

dot matrix. Sing le compu ter-generated letters were presented in non-

contextual form , and response time and accuracy were measured . The

parameters that were found to have significan t effects were percent

active area , symbol defini tion , surround luminance , contrast , and

symbo l subtense .

Shurtleff and Owen (1966) compared the leg ibili ty of the Courtney

alp hanumeric charac ters to those of the standard Leroy symbols

disp layed on a CR1 at vertical resolutions of 12 , 10 , 8, and 6 scan

lines per symbol hei ght. The characters were presented in non-

contextual form with speed and accuracy as the performance measures.

The width-to-hei ght ratio of the characters was 0.75. The characters

had an average disp lay luminance of 69 cd/rn
2 wi th a back ground luminanc e

of 5.2 cd/m 2 . The characters were formed by solid strokes and subtended

16 mm of visual ang le at the subject ’s eye . The resul ts showed that ,

at any reasonable value , iden tification of Courtney- characters did not

su rpass  t h a t  for  t h e  Leroy c h a r a c t e r s .  The s tu d y suppor t ed the f i n d i n g s

I -2
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of o t h e r  e x p e r i m e n t s , i .e’ - ,  t h a t  r e - s o l L i t  ion  o f ’ 10 l i n e s  per sy mbol

he i g u t  rena ins t h e  m m i tnuin value r ecommended fo r  CR 1 d i  spla y -

G i d d i t i g s  11971) a l s o  p ci- formed a leg i b i l i t y  s tud y on t h e  he i ght

of a l p hanu ine  r i c c har a c  t e rs  to  be p re sei lt  ed on CRT d i sp l a y s .  ‘l’he

c h a x- a c t e r  he i gh t s  used were  6 ,3 5 , 475 , 3.96 , 3 .18 , and 1 .59 mm. At

a v i ewing distance of 70 cm , these’ characters subtended , r e spect i ve - 1~~,

18 , 21 , IS , 14 , and 7 m iii of visual ang le a t the sub jec t ’s eye . The

4 mean c o n t r a s t  r a t i o  of the dis p lay was 10:1 w i t h  a mean cha rac te r

F luminance of 7- 17 cd/rn . A c c u r a c y  and r e l a t i v e  performance time were

used as p e r f o r nan c e  measu res ;  t h e  c h a r a c t e r s  w e r e  presented both  in

c o n t e x t u a l  ( 6 - l e t t e r  w o r d s )  and n o n - c o n t e x t u a l ( s i n g le)  fo rm .  G i d d in g s

found no monotonic relationshi p between leg ibility and character

(display) area . Small size characters caused leg i b i l i t y ’  to dec rease .

At the same t ine , some larger sized characters also caused leg ibility

to decrease .  The o p t i m u m  c h a r a c t e r  hei ght for alp hanumerics presen ted

in non-con textual form was found to be -L75 mm.

Vartabed i an (1971) performed a legibility stud-- to evaluate

sym bol generation method (dot matrix vs. s t roke  m a t r i x ) , dot m a t r i x

s i z e  (5 x 7 vs. 7 ~ 9) , dot geometry’ (circle vs. vertica liy- elongated

dots) , and symbol orientation. Al phanumeric characters were disp layed

in a n o n - c o n t e x t u a l  form in  t he  c e n t e r  of the CRT disp lay with a

charac te r spot luminance of 38 cd/n
1 

and a background luminance of

6.9 cd/m 2. The viewing dis tance was fixed by a head rest at 71 cm .

Charac ters we re 3.56 mm in hei ght and subtended 17.2 mm of visual ang le

at the subjec t ’s eye. The width-to-hei ght rat io of a nomina l w i d t h

symbol was set at 0.75. Response time and accuracy were the performance

15
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measures  made on t h e  has i s  e f  re -cogn i t  ion - \ ‘a r t  abed i a n  found that t h e ’

7 x 9 c i r c l e  d o t - m a t r i x  fout  was supe- r-ior t o  a l l  o t h e r  f o n t s ;  t h a t

vertical dot elongation adversel y’ affected leg ibility- ; that the 7 / 9

dot-matrix was superior to the S x 7 dot-matrix font; and that dot-

matrix construction was superior in leg i b i l i t y ’  to t h e  s t r o k e - m a t r i x

construc t ion .

S h u r t l e f f  (1974)  eva lua ted  the  leg i b i l i t y -  of cha rac t e r s  formed

in the  L i n c o l n/ M i t r e  fon t  style. Al phanumeric charac ters were presen ted

under two viewing conditions. First , the characters were presented

with a visual size of 22 mm of visual ang le (this size represented the

“optimal” disp layed size) . Then the characters were presented with a

visual angle of 6 mm (to represent a “degraded” displayed size) .

Shurtleff found that performance was poorer when viewed under “degraded”

display conditions. He also found that performance changed very little

for matrix sizes larger than 5 x 7.  This  conc lus ion  was based on the

use of reaction time as a performance measure. When the performance

measure was changed to correct recognitions per minute , it was found

that the 7 x 11 matrix gave better leg ibili ty resul ts than did the

5 x 7 m a t r i x .  Shur t l e f f  also compared 5 x 7 and 7 x 9 s t roke -ma t r ix

characters against 7 x 11 dot—matrix characters of the same font style

(Lincoln/Mitre) . It was found that stroke-matrix characters were

superior to dot-matrix characters only for conditions where characters

were overprinted . When there was no character overprinting , there was

no difference between the two matrix types.

Huddleston (1974) performed two studies to evaluate the effect

of character size on the legibility of a British styled font (REA)

16
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I’iCICl lCaieeI to  t h e  halt  ele -vel op i ’d b~’ \ar lah&- di:i n ( 1 9 7 1 ) .  ~u I - i n g  t h e  f i r s t

s tud y , O h s e -i ’ y e ’ i ’ t i  c’s i t i g d i s t a n c e  sas  193 cm with the uhsi ’t - vt-r ‘s eye-

a p p r o x i m a t e l y  1,5 cm a b o v e  c e n t e - x - l i n e .  l iach c h a r a c t e r  was 2 0 3  mm h i g h

and appeared  at a l u m i n a n c e  of 1 5 .4  cd/n against a llack ground of

12 cd/rn1. The number of errors in reading the character was used as a

performa nce measure . The REA font was reported to have better leg i b i l i ty

than the font  used by Vartabedian . 1)uring t he  second expe r imen t ,

l iu d d l e s t o n  presen ted  c h a r a c t e r s  t h a t  w e r e  3.3 cm hi gh with a displa y
C

luminanc e of 8.6 cd/m against a bac kground of 6.9 cd/m . The same

character fonts (REA and Vartabedian) were viewed at four distances

rang ing from 21 to 41.3 cm. The average number of character misreadings

was again used as a performance measure , and the REA font sty le was

still found to provide better legibili ty.

h owell and Kraft (1959) performed a study to evaluate the effects

of siz e’, blur , and contrast on the legibili ty of alp hanumeric charac ters

i resented on CRTs . They- used a photographic techn ique to simulate the

presentation of characters on a CRT . The primary criterion of leg ibili ty’

was the rate of information tran smission that was developed from speed

and accuracy performance measures. ‘l’h e al phanumeric characters had a

wid th-to-hei ght ratio of 0.53. The characters were presented in a

Mackworth-s tyle font , under four levels of size , five levels of con trast ,

and three levels of blur (defined as the rate of transition between the

luminance of symbols and that of their background) . The results

demonstrated that characters need to be larger than approximatel y— 16 mm

of visual ang le before any prac tical degree of leg ib ility can be obtained .

h owever , a character size greater than 16 Thin of visua l angle only

17

---- - rn ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——- - - - --



showed suhstant ia 1 improvements in l eg i h i  1 i t y  f o r  ch aracters that were

degraded (reduced contrast or increased blur). They found that 27 nm

of visual a n g l e  was t h e  b r e a k p o i n t  of t h e  zo ne of m a x i m u m  leg i b i l i t y .

For c h a r a c t e r s  of t h i s  s i z e  or la rge r , t he  e f f e c t s  of b l u r  and

c o n t  r :i st  w e r e -  r e l at  i v e l y  i n s i g n i f i c a n t  - ‘lhe stud y also showed that

c o n t r a s t  shou ld  be g re - a t e r  t han  86 ’s w h e n  no b l u r  e x i s t s  and t h e

c h a r a c t e r  s i z e  i s  27 m m of visua l ang le. They reported that the

i n t e x - a c t i o n s  of s i z e , b l u r , and c o n t r a s t  are significant and the level

of each) of these parameters should be adjusted in accordance wi th the

fixed values of the other  paramete rs  to ob ta in  maximum leg i b i l i t y .

Summary

In sum , the pertinent back ground literature exhibits numerous

shortcomings relative to the optima l desi gn of dot-matrix , computer-

generated disp lays.

First , the data on al phanumeric character leg ibility are

adequate for stroke characters such as those seen in printed text.

(For an excellent summary of this literature , see Cornog and Rose , 1967).

Unfortunatel y, the few studies comparing stroke character leg ibility

with dot-matrix character leg ibility are inconsistent in their

conclusions and inadequate as design guidelines.

Second , several of the desi gn variables important to present

and future dot-matrix disp lay technologies have not been adequately

addressed and experimentally evaluated . More research is clearl y

required .

Third , there is some aml)iguity in the literature due to the

various l i e r f o rn la nce  c r i t e r i a  used b y t he  numerous  i n v e s t i g a t o r s .
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C o n f l i c t  ing re-sn I t s  and cone ins  ion s  may be due  to  t he  in c o n s i  s t e t i t

selection of these - performanc e criteria.

F o u r t h , a d d i t i o n a l  i n f o r m a t i o n  on the  o p t i m a l  m a t r i x  s ize ’  and

font is sorel y needed . Because matrix size and font interact , these

v a r i a b l e s  mus t  he s tud i ed s i m u l t a n e o u s l y ’ ,

Last , i t  i s  desirable to derive some summary- measure of disp lay

image quality for dot matrix disp l ays as we’ have for imag ir i 4~ display ’s

(Bih erman , 1973). Research along these lines is also needed for

guidance in future disp lay prototype development .

These needs are all addressed in the following sections of this

report . Specific experiments are collected by research objective for

easier assimila tion by the reader . A fina l summary section indicates

what data gaps exis t and what desi gn guidelines are valid at the

present time .

19
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It is e-vide nt from the above literature summary that confusion

exists in the interpretation of data colle ’cted for the purpose of

d e f i n i n g  leg i b i l i t y -  of a l p h a n u m e r i c  c h a r a c t e r s  p resen ted  on CRT

display-s . The genera l conclusions drawn from these parametric

studies have been based on data collected using a variety of performance

arid response measures. The response measure and its definition are

usuall y chosen by- the investigator to fit his particular research

objective or equi pment. It is , therefore , important for investi gators

to choose response measures and define them in such a way that they-

can be replicated by other investi gators without any ambi guities in

their results. Moreover , it appears that the choice of a response

measure can significantl y affect the conclusions drawn from an

experiment . Some response measures may be sensitive to certain

display parameters , while other response measures may n o t .

One defini te examp le of the ambi guity - in~olved in the choice

of the proper response measure can be found in the stud y- reported by

Huddleston (1974). In his discussion , Huddleston quotes Gibney- ’ s (1968)

argument that isolated investigations , using tachistoscop ic presenta-

tion , make harsh judgments of sym bols which may be quite acceptable

in the context of tru l y’ operational conditions and procedures.

Huddleston also defends the use of tachistoscopic presentation but

20
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a d m i t s  to  t h e  p o s s i b i l i t Y  of c o n f u s i o n  i n  u s i n g  d i f f e r e n t  r e s p o n s e

measure-s - lie states that variab le- s which affect the p r e s e i x t a t i o n  of

characters ( s u c h  as v i b r a t i o n , d i s p l a y  l u m i n a n c e , c h a r a c t e r  c o n t r a s t ,

arid the 1)osSible need for wide ang le  v i e w i n g  of one d i s p l a y  by more

than one operator at a time) make it hard to find a reasonable

performance measure and method of presentation that are compatible.

Over and above any selection of response measure based on the

above considerations , i t i s also important that the selec ted response

measure(s) have some operational or system meaningfulness. As pointed

out by’ Chapanis (1971), the useful app lication of human performance

data to system desi gn centers around the selection of appropriate

criteria of performance. That is , the response measure selected for

measuring human performance in the system must also be pertinent to

the criteria of system performance.

According ly, the research reported in this section evaluated

the sensit ivi ty of three typical response measures to variations in

the character size (dot size and dot spacing) and dot luminance of a

dot-matrix disp lay . Photometric verification of all display parameters

was made to assure valid generalization to dot-matrix hardware , while

the results provide useful sensitivity indices for subsequent research

needed to relate these and other critical design parameters to

information transfer .

Specificall y, this experiment determined the effectiveness of

four response measures (threshold visibility, tachistoscop ic

recognition , response time , and recognition accuracy) in a sing le-

character recognition task. In addition , the study’ provided some

21

_ _ _ _ _ _ _ _ _ _ _ _  — ----- --



L i s e f u l  t r a d e - o f f  d a t a  among c o n t r a s t , s iz e , and t i c - w i n g  d i  s t ance -  f o r

dot —m a t r i x  c h a r a c t  ir s .

l’hicse r esponse-  measures  are d e f i n e e 1 as f o l l o w s .

Accurac y is defined as the prol)ort ion of correct

re-spouses  tha t th t- o b s e r v e r  makes  wh e n  v i e w i n g  randoml y’ p r e sen t ed

a l p h a n u m e r i c  (or other) characters at t he  norma l v i e w i n g  d i s t a n c e  of

the disp la~’ -

~oc time . Response tine measures the speed with which the

observer respond s correctl y- to a sing le al phanumeric character . Response

time beg ins with the presentation of the character and end s with the

observer ’s overt recognition response.

Tachistoscopic recognition. Tachistoscop ic recognition is

measured as the number (or proportion) of correct recognitions that

the operator makes when viewing al phanumeric characters that are

presented randoml y on the disp lay for a (typicall y) few milliseconds.

Threshold visibility. As a response measure , threshold

visibility is related to the distance at which alp hanumeric characters

can be identified at a certain fixed percent level. Threshold

visibili ty is measured in a recognition task and is used to evaluate

the operator ’s performance at different viewing dis tances from the

disp lay.

Me~h~-J

- 7  i~~- u i r 7 - -zh ’~~o. The d i s p l a y ’  v a r i a b l e s  i n v e s t i ga ted  i n c l u d e d

four  c h a r a c t er  s i z e s , t h r e e  l u m i n a n c e s , and s e t - e n  v i e w i n g  d i  stances - 

---~~~~~~~~~~~~~~~ - --~~~~~~-_
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‘l ire character si :es were- d e v e l o p e d  f rom d ii  f ’~ i c - l i t  dot siZe’ and x r i t e - r d o t

s p a c i n g  c o m b i n a t  ions , as f o l l o w ’ s .

The 36 u p p e r — c a s e - a l p h a n u m e r i c  c h a r a c t  e r - s  used in t h i s  r e - s e - a r c h

ar -c shown in Figure 1 - ‘l ’he h e i gh t s  of t h e s e  d i s p l a y - e d  cha r - ac t  e rs

wh ich dep end on the fixed values of the interpoint distance arid point

s i z e , are 2 0 4 , 3 .05 , 4.79, and 5.44 nun . The v e r t i c a l  v i s u a l ang le- s

sub tended  b y- t h e s e  c h a r a c t e r s  at  t h e  d i f f e r e n t  v i e w i n g  d i s t a n c e s  arc’

shown in  T a b l e  3.

TABLE 3. \‘ e :rt  i c a l  V i s u a l  Ang le  S u b ten s e  ( m m  of a rc )

- - ~~~~~~~~ 
T

1~~~~ , a (m)
~- fr zra~ ter

(r im) 0.61 1.07 1.52 ] . i~~ 1. ’4  1..i l

2 . 6 4  14 .90  8 .5 1  5 .96  - 1 . 5 8  3 . 7 2  3 . 1 4  2 . 7 1

3.05 17 .19  9 . 8 2  6 .88 5 . 2 9  4 . 3 0  3 .62  3 .13

4 . 7 9  27 .00  15 43 10.80 8 , 3 1  6 7 5  S o S  4,91

5.44 30.65 17.52 12.26 9. 13 7.66 o.45 557

The Tektronix 401 1- 1 display used in this research) program has

4096 3072 b eat  ions  t h a t  can be i n d i v i d u a l l y  add re s sed  b y t he

c o m p u t e r .  These i n d i v i d u a l  l o c a t i o n s  ma y he turned “on’ or ‘ off ’’ to

form d i f f e r e n t  c h a r a c t e r s  or symbo l s .  The n e a r l y  c i r c u l a r  “m i n i p o i n t ”

s i z e  i s  0 . 2 0  mm. The c e n t e r l i n e - t o - c e n t e r l i n e  d i s t a n c e  b e t w e e n  a dj a c e n t

m i n i p o i n t s  is  on the order  of 0 .089  mm .

T h i s  e x p e r i m e n t  used two d i f f e r e n t  dot  s i z e s .  The f i r s t  dot

size was e’ss e’i itia llv one min i poin t. w ith i d i t i ~i c t e r  ot  (1 , 2( 1 mm .  The

second dot s i  :e- s ;i s  formed ~~ ( 5 ( 1  ci rcul;ir 0, 15 mm ~ 0 j i l t  ~ a rranged

_ _ _  - 
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ve’r t ical l y’. Fi gure 2 schema t ica l I y p r e s e n t s  t h e s e  poi m i t  s i z e s , w’hi Ic

Figure- 3 shross the actual cha r-act er com ifi gura t ions.

The matrix si:e- that was used in this research was a 7 ~ 9 dot

m a t r i x .  The w i d t h - t o - h e i ght r a t i o s  of t i re  four characters (smallest

to  l a r g e s t )  p resented  i n  t h i s  7 x 9 dot matrix arrangement we’re’ 0. 7o9 ,

0.767, 0 .594 , and 0.608. Note that each of the nine vertical ‘ dots ’

for the two largest character sizes is actuall y a “double ” dot .

Three levels of display luminance (8, 27 , and 80 cd/n
2) were

used . A Gamma Scientific Model 2400 Di gi tal Photometer was used to

measure the three luminance let-els at each of the character sizes.

A 450-micron aperture eyepiece , in conjunction with a 2.SX objective

lens , was used to determine the luminance level of representative

po in t s  w i t h i n  t h i s  4 50/ 2 . 5  = 180-micron (diameter) object p lane

circular area .

Experimental design. Six paid subjects (three males and three

females)  from the  U n i v e r s i t y  p o p u l a t i o n  were screened for normal color

v i s i o n  and corrected near and far  acu i ty  (20/22 or better in each eye)

using a Bausch and Lomb Orthorater. Subjects ’ ages ranged from 20 to

28 years . Each subject received every level of each independent

disp lay variable.

For the accuracy and response time measures , the six subjects

were assigned to all combinations of three luminance (L) levels and

four alphanumeric character sizes (C) at each of seven different viewing

distances (D). Each subject was presented 18 randomly-chosen alpha-

numeric characters under each experimental combination of L , C , and D.

25  
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‘Ih e randomness  of t h e s e -  p r e s e n t a t  i o n s w a s  c o n s t  ra ired so t h a t  each  of

t i r e  3~ a l p h a n u m e r i c  c h a r a c t e r s  was p r e s e n t e d  t h r e e  t i m e - s per

experimental condition , summed over a l l  s ix  subje- cts . A compi ‘er

program was written to generate tile- Se random P r e s e n t a t i o n s .

To obtain the tachistoscop ic recognition data , each of the six

s u b j e c t s  was given each combination of three lumin ances and f o u r

charact er sizes. The alphanumeric characters were Presented at three

d i f f e r e n t  exposure t i m es , 16.67 , 33 . 33 , and 50 m i l l i s e c o n d s ,  Each

sub jec t  was  p resen ted  11 random l y-chosen alp hanumeric characters at

each of the three exposure times. The randomness of these presenta-

tions was c o n s t r a i n e d  so t h a t  each of t h e  36 al p h a n u m e -r i c  c h : ir a c  t

was presented twice per exposure time under each experimental

combination of C and L , summed over the six subjects.

The data collected for the recognition response measure were also

used to determine the 50% and 85% threshold visibility- viewing

distances for all 12 C x L combinations.

Apparatus. , Th e CRT d isp lay terminal used in much of this

research program , a Tektronix 4014-1 , has the specifications contained

in Table 4. For the purpose of this experiment , the display was

operated as a computer-driven peri pheral device in the write-throug h

(alpha) mode. Also , the special purpose Tektronix polarizing filter

was removed from the disp lay surface.

The display was driven and controlled by a i i g i t a l  E q u i pment

Corporation PDP 11/10 minicomputer. Its f u n d a m e n t a l  c h a r a c t e r i s t i c s

include 24K word s of memory- ; a removable car trid ge disc un i t , each
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cartrid ge having a storage capacity of i.2M words ; and a b o o t s t r ap

loader to facilitate starting the system .

TABLE 4. Pertinent Specifications for Tektronix Model 4014-I Computer
l)i splay Term ina l

l)isplay Medium: direc t view storage CRT tube

Display Size : 38 cm wide by 28 cm high

Al phanumeric Mode: four program-selectable formats , rang ing from 7-1
characters per line with 35 l i n e s  per d i s p l a y ’  to
133 characters per line with 64 lines per display - .

Character Set: full ASCII character set

Vector Mode : drawing time 102 m per second ; 1024 x 1024
addressable points

Discrete Plot Mode; 4096 x 4096 addressable points (12 bits) ;
4096 x 3120 displayed points

Writing Modes: storage mode and write-through

Phosphor Chrominance: green (P43)

A Documation lS0-D optical character card reader was interfaced

with the minicomputer to prov ide input at the rate of 150 cards/mm .

This device was used to input programs from computer cards that

presented the trials to the subject.

A Teletype Corporation TTY was also interfaced with the minicomputer .

Its data transmission rate is 10 characters/s. It is equ ipped with a

paper tape reader and punch , and it was operated both as a hard copy

console and as a periphe ral device to contro l experiments.

The computer and its peripherals , exclusive of the CRT termina l .

were located in one room . The CRT termina l was located in an adjacent
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room - ‘ liii- sub j ect , seated a t  t i r e -  t ermn i ira 1 , coir Id cumnee-r - s e - w ii hr t hi-

c-\I )er macnt er , seated at  t h e  computer , thr oug h an i mi t e rcom.

~‘ L t O  ~~ 1L1 ’ot Lc~r and rec ~!ua t ion. Data col lect ion w a s  cont  r o l l e d  b y

the mi n icom p uter. At the end of the exl)eriment , data reduction ana l~ se-s

were performed by the computer.

Observer response measures. The four response measures used in

this research were accuracy, response time , tachistoscop ic recognition ,

and threshold visibility.

At least 14 training trials were- comp leted by- each subject prior

to actual data collection . This training allowed thc subjec t to become

familiar with the equipment and instructions , and to ask any questions

that he/she mig ht have concerning his/her responsibilities during the

experiment .

Upon arriving for an experimental session , the subject was seated

in a dark room in front of the CRT disp lay- at the 0.61 m viewing distance.

When he/she was ready to begin the experiment , he/she would press a

hand-held button . Instructions were then displayed to the subject on

the terminal. The subject was instructed to press the button to

initiate each trial , and to press the button as soon as he/she

recognized the alphanumeric character . Both) speed and accuracy were

stressed as important factors in the performance of the subject.

If the subject had no questions concerning the experiment , the

chair was moved to the previously selected viewing distance. When the

experiment began , a fixation box was displayed on the CRT with

instructions to the subject (see Fi gure 4). The subject was asked to

28
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Figure 4 .  l ) i s p l a ve d  F i x a t  ion Box

Fi gure 5. Character Presentation
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press  the button to di splay art al p h a n u m e r i c  c h a r a c t e r ’ . As soon as the-

hut t on  w ’;is depressed , one al p h a n u m e r i c  c h a r a c t e r  appeared i n  t h e

f ix a t i o n  box (see Fi gure 5). As soon as t h e  s u b j e c t  r e c o g n i z e d  the

character , he/she pressed the button again. The character was then

removed f rom the  d i s p l a y , and any phosphor  a ft e r i m a g e  was removed b y

“star-dusting ” the disp lay (illuminating many random points) within the

f i x a t i o n  box ( R i p l e y ,  1975) .

The sub j ec t ’ s response t ime was recorded by’ the computer.

Response time was defined as the elapsed time from the moment when the

character was first displayed until the subject pressed the button to

indicate recognition of the character. It was calculated and recorded

using the internal real-time clock of the computer . The subject was

then asked to press the console key of the alphanumeric character that

was just displayed (see Figure 6). This character was then displayed

to the subject (in a defocused mode so that the character did not have

the same distinct features as that shown to the subject), and the subject

was asked by the computer to verify that he/she had pressed the correct

console key .  This  procedure a l lowed  the subject an opportunity to

correct  any console  key errors , thus separa t ing  any motor or key ing

error from his/her perception of the alphanumeric character. At

viewing distances other than 0.61 m , the investigator pressed the

alphanumeric character console key at the verbal command of the subject.

(At  v i e w i n g  d i s t a n c e s  greater  than 0 .61  m , the subject  was not able  to

reach the console keyboard.) The subject ’s final response was entered

i n t o  the  comput er  b y p r e s s i n g  t h e  “RETURN” console  k e y ,  wh ich  “ f l a s h e d ”

the  C R F  d i s p lay  and caused  t h e  compu te r  to record both ) t h e  a l p h a n u m e r i c

31

I

~ 

- - - -
~~~~~~~
-

~~~
—-

~~~~~
- -- - - -.  

~~~~~~
--



_ _ _ _ _ _ _  - - 
- - - - - ‘fl ~~~~~~ -~~~~~~~~~~~ ‘ ~~~~~~~~~~~~~~

‘ ‘
~~~~

--

charact c-r that was p r e s e - n i t e d  to  the s u b j e c t  and th e  a l p h a r r u m e - r - i c

cha ract e’r that the sub ject chose’ as a r es l)onse  - I f t i r e  sub) c-ct d i d

h o t  respond to the character w i t h i m i  10 s , t h e  co mm i p u te -r  a u t o m a t  i c a l  b y’

removed t i re  c h a r a c t e r  f ront  the d i sp lay -  and recorded a b l a n k  as t h e

sub iec t ’ s response . The computer then disp layed the fixation Pox to

beg in the next trial.

Accuracy was defined as the percent  co r r ec t , or the  number  of

correct recognitions per experimental condition divided by the total

number of presentations made at that experimental conditions.

To obtain tachistoscopic recognition data , the subject was

seated in front of the CRT display at the norma l viewing distance of

0.61 m. The method of character presentation and subject response

was the same as that described above , except that no provision was

made to measure the subject’s response time .

Tachistoscopic recognition accuracy was defined in exactly- the

same way as recognition accuracy.

The data collected under the recognition response measure were

used to determine the threshold visibility values as will be described

subsequentl y.

Results

Accuracy. Initial statistical analyses of the accuracy data

were performed using the ana l ysis of variance as sumntari~zed in Table S.

Character size , luminance , and subjects  were treated as random

var iables , while viewing distance was considered a fixed-effect variable.

i’he expec ted mean square terms required the use of ‘quasi -F  ra t ios  to

keep the F-tests from being biased (Myers , 1973).
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‘FABLE 5, An a l ys i s of am iance Summary for Accuracy

-
‘ :tr,~~ ’ V z 1 : - z 5 (~~ ‘i.- ’

Character CL~~’ (C) 3 6711 .23 47.O4~ .001

Luminance (L) 2 180.14 l4 l O~ .oo ~
Distance (D) 6 109.44 87 4 a .001

Subjects (S) 5 979.71 - - -

C - L 6 8.82 3 .45  .01

C x D 18 75.98 16 36a 001

L x D 12 21.80 503
a 

.001

C X S  15 7.92

L x S 10 6 .46

D x S  30 22.77

C x L x D 36 3.78 2.05 .01

C x D x s 90 2 .49

C x L x S 30 2 . 7 1

L x D x S 60 2 .40

C X L X D X S  180 1.85

Total 503

aQuasi_F ratios , see text .

All of the main effects , first-order interactions , and second-

order interactions were significant . Simp le effects were anal yzed , and

the ~ewman-Keuls comparison statistic was used to evaluate further the

‘1
_________________________
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desi gn—r ebated si  gu i  f i cant ma ut  e ife’c t s amid simp 1 e e-I ’fec t s w thin

si g n i f i c a n t  i n t e r a c t i o n s  in Table 6. These anal yses are s u m m a r i z e d

in Tabl e b .  F i g u r e s  7 t h roug h 15 illustrate these signi ficant sour-ce- ,s

of v ax-iation.

Genera l l y- , as character size increased , accuracy- improved , wi th

the  g r e a t e s t  and o n l y  si g n i f i c a n t  step improvement between 3.05 and

-1.79 mm (Figure 7). This improvement with increasing size was more

2pronounced at 80 than at 27 cd/n , and grea ter a t 27 than at 8 cd/m ~~,

as shown in Fi gure 8. Further , as viewing distance increased ,

performance at the lower C sizes (2.64 and 3.05) fell off more sharp l y’

than it did for 4.79 and 5.44 mm (Figure 9), and this difference in

size over distance was greater for lower luminances (Figures 10-12).

The overall effect of increasing luminance is to improve accuracy-

(Figure 13); although this effect is relatively small , it is greater

for the smaller sizes (Figure 8) and larger viewing distances (Figure 14).

Response time. Response times were also evaluated by the anal ysis

of variance , summarized in Table 7. The C, L , and D main effects and

the C x D interaction were found to be significant . Simple effects

within the C x D interaction were then analyzed , and Newman-Keuls

comparisons were made for design-related main effects and significant

simp le effects; these analyses are summarized in Table 8. Fi gures 15

through 18 provide additional information as to the nature of these

significant sources of variation.

Response time decreases with increases in character size (Figure 15)

and luminance (Figure 16). As with the accuracy measure , the greatest

3-1
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TABI .E (~ , Sumumary of Si gn f i c a m i t  ~-~o u m ’ cc ’s  of I : r r i a i m c e  for  R e c o g n i t i o n
Accurac y

- ~
-- t-i~ ~~ ~-: 

-
. 

~~ 
‘c t - ‘

- 
. . 

~ w, : r  vz,~a1l
~~~~~~~~~ o;~ Variance ” F

C 47.04 < .001 C2 C~, C. C4

L 1 4 . 1 0  < .005 L ,

L 0 C~. 6 .60  < .005

C P L~ 1 1.2 3 < .001 C2 C. C. C4

C L
2 11.78 < .001 C2 ~~ C~ C ,

C ~ L3 1 0 . 4 1  < .00 1 C1 Cr C~ 
c

c

C P D4 6.20 < .005 C1 C2 C7

C 0 D , 17 .09  < .001 C C C.. C ,2 2 -i

C P P.. 19. 2)) < .00 1 C C~. C1 -j

C 0 D 2 6 . 9 3  ~ .00l  C C~ C~ C ,7 _1____~_ -~

L P P
5 

4.52 < .025 L. .~~~.

L 0 5. 2o < .025 L,~ ~~~ . L~

P D7 6.50  < .015 L , ~~

J \0 c o m p a r i s o n s  were made for  th e  P effect simp ly because this
variable has no desi gn si gnificance by itself.

h
~Fhe variables miot underlined are all si gnificantl y different

from one another at the 0.01 le-vel unless otherwise rioted .

C
C si gnificant from C

4 at 0.05 leve l .

dO si gnificant from C,, at 0.OS level.

C
C si gnificant from Cr, at 0.05 level.
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C? rip L~’ ~-‘r ~1~~ w ~~~~~~~~~~~ t - .- .  
b

-~~~ UC” s’ -‘ ‘ ‘ V-z ~’ i z r : ~~ F ‘~ ~ - L~ oc

C ~‘ D3 
P L2 4.60 < .005 C~ C, C3 C ,

C ~ P L
3 29.30 < .001 C~ C~ C3 C4

C x 10. 0 L 78.74 < .001 C C C C
0 1 1 ~~~3 4

C~~~D6
@ L

1 
93.99 <‘ .001 C

1 C
2
C
3
C
4

C X D
7 @ L 2 59 .45  < .001 C

J C
2 C3 C4

C ~ D3 0 L2 
3.99 < .01 C

1 C9 03 C~~

C X D
4

@ L
2 

12.60  < .001 C
1 C~~C3

C
4

C X D5 0 b
2 

30.67 < .00 1 C1 C2 C3 C4

C x D6 0 L2 75.58 < .001 C
1 02 C3 04

C X D 7 @ L
2 

7 2 . 4 5  < .00 1 CJ C
2 C3 C4

C ~< 10
4 

0 L3 15.48 < .001 C2 C2 C3 C4

C X D 5 @ L 3 3 2 . 7 9  < .001 CJ C2 C3 C4

C x D6 0 L3 56.69 < .001 C1 C2 C3 C4

C ~ D7 0 L3 73.75 < .001 C1 02 C3 C4
h

b
The variables not underlined are all sig n i f i c a n t l y d i f f e r e n t

from one another at the 0.01 level unless otherwise noted .

and C2 significant from C
3 and C4 at a p p r o x i m a t e l y  0.05 l e v e l .

~~ significant from C
2 at 0.05 level.

h
C si gnificant from C

4 at 0.05 level.
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TA bLE 7 - Ana l ys i s of \ ‘a r  i a m r c e ’ Summimar y for E e-s p o mr S C’  l i m e s

- 
‘
~ 

-
~~~~~‘ ‘~~

‘ 
~~~~~ ~~u’ zwc- ) “  -~~~

“ F p

-,‘
~~z~~~~~~~~i C~ ::~’ (C) 3 11077.217 l02,25~ .001

(P) 2 5 1 2 8 . 3 7  96 83a . 10

-
‘ 

~St d ~LJe ’ (C) 6 28683 ,47 9 7 7 a .00 1

~uL’jects (3) 5 
- 

11739 .69

C x 6 101.68 0.13

C X D 18 1008.55 4~~94 a .005

L >< D 12 431 .55 1 2 6 a

C x 5 15 851.53

L X S 10 758.01

D x s 30 1629.36

C x L x 10 36 266.61 0.98 NS

C X L X S 30 806.72

C x 5 x D 90 209.62

C x L x 
~ 

x s 180 272 .06 -- -

a -Quasi-Fs .
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im n p r o v e -m e n t  s are ’ o b t a i n e d  b e t w e e n  3 .05  and -1 .70 mum for  c h a r a c t e r  si :e ,

and bet~~e- e ’mi S and 27 cd / mmr f o r  l u m i n a n c e  i n c r e a s e s .  As e~ p e -cted ,

increases  in viewing d i s tance cause increases in response t ime

(Figure 17) , with the effect of character size becoming greater at

barge -r viewing distances (Figure 18).

TABLE 8. Summary- of Significant Sources of Variance for Response Tines

Simple or Main Effect
Source of Variance

a p p Comparisonsb

C 102.25 < .001 C1 02 C3 C4
c

L 96.83 < .10 L2 L2 11
3 

d

C @ 6.74 < .005 C2 C2 C3 04

C 0 D 12.43 < .001 C C C C ,5 1 2 3

C @ D 6 .6 5 < .005 C C r C C6 - 1 < ‘ 3 4

C @ D 7 5.99 < .01 C1 C~ C3 04

aNO comparisons were made for the D effect simp ly because this
variable has no hardware design si gnificance by itself.

bThe v a r i a b l e s  not u n d e r l i n e d  are a l l  s i g n i f i c a n t ly d i f f e r e n t  from
each other at the 0.01 level unless otherwise noted .

C~~ significant from C4 
at 0.05 level.

dL significant from P2 and 113 at 0.05 level.

Tachistoscop~~ rc- ’7 ~r2. Tachistoscopic recognition data were

a l so  a n a l y z e d  by the  a n a l y s e s  of v a r i a n c e  shown in Table  9 W i t h  the

a p p r o p r i a t e  q u a s i - F  r a t i o s .  At 16.67 and 50 ms exposure t imes , onl y the

C x 
~ interaction iwis found to he si gnifican t (Figures 19 and 10). No

si~~nifica mit e-ffe ct ’~ r~erc found at the 53.53 ms exposure t ime .

13
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TABLE 9 .  A m i 1 i l v  s i s  of V a m - i a n c e -  Seimnmar~ t o r  l a c l i i  s t u s c o p i c  R e c o g m l l t  i on
Accuracy

I ’ ,?

~~~~~~~~~~ u ’j  l’~Z 1 ’ L Z O ’~ 1.
’
~ ‘o,: F i-

(ri.-’)

:]i :~e ( C)  3 6.02 2.41 c1 
NS

Luminance (11) 2 11.38 •l .Y3~ NS

Subjects (C) 5 2.77

16.67 O x  2 6 2 . 3 9  4.15 < .005

11 S 10 ( 49 - --  - --

C x S  15 0.69

C x L x S 30 0.58

Character Size (C) 3 0.57 981 a NS

aLum-m.nance (11) 2 0 .18 i . 5 4  N S

Subjects (3) S 0.18

33.33 C x 11 - 6 0 .13  0 .40  NS

11 x S 10 0.21

C x 5 15 0 . 2 5

C x L x S 30 0.31

Character Size (C) 3 0.44 096a NS

aLwntnance (11) 2 0.50 0.99

Subjects (5) 5 0.10

50.00 C x 11 6 0.45 3.20 < .025

11 x 5 10 0.20

C x S 15 0.16 --- ---

C x 11 x S 30 0 . 14 - - -

a -Quasi-Fs .
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Figure 19. Effect of Character Size by Luminance Interaction
at 16.67 ms Exposure Time

80 p—--- ~~~ ‘
~~~~~~ 

-
~~~~~~~~~ 

-~~ T - - — -

EXPOSURE TIME 50 MS
I—

~~~~70

LUMINANCE , CD/ M 2

z •8
£ 2 7
•80

- ~~~~~~~~ - -

C1IARACTER SIZE , mm

Fi gure 20. Effec t of Character Size by Luminance Interaction
at 50 ms Exposure Time
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S i n m p l e  e f f e c t s  we’ m - e then a n a l  y:ed amid N e w i m i a n - K e u l s  mU It i ple

c o m p a r i s o n s  were used to e v a l u at e  t he  mean s, as sumnmari:ed in Table 10.

TABLE 10. Summary of Si g n i f i c a n t  Sources of V a r i a n c e  for Tach i s toscop ic
Recognition Accurac y-

Exposure Sin~ le or Main Effect Individual aTime Source of  Vari ance F p ICO~’772’OSOf lC
( ms)  1

L @ C1 8.76 < .005 Li L2 113

33. 33

L 0 C2 20.03 < .001 L
1 110 11

3 
-

50.00 11 0 C1 5.48 < .01 L~ L2 L3
b

aThe variables not underlined are all significantl y different from
one another at the 0.01 level unless otherwise noted .

b11 si g n i f i c a n t  from 112 and 11
3 at 0 .05 l e v e l .

For the small character sizes , increases in luminance typicall y-

improved performance (Figures 19 and 20), wi th the difference decreasing

as character size increased . This interaction effect was inconsistent ,

however , as illustrated by the nonsi gnificant effec t at 33.33 ms.

Visibility thresho ld. The psychoph ysical Method of Constant

Stimuli (Guilford , 1954) was used to develop 50% and 85% visibility

thresholds for each of the 12 C x 11 combinations. Traditionall y- ,

t h r e s h o l d  m e a s u r e s  are made l i t  t he  50~ level. However , 85% accuracy

level is often used as an ac ceptabl e c r i t e r i o n  for a l p h a n u m e r i c

_ _ _  _ _ _ _
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d l sp l l i v v i s i l - ii 1 its ’ (Shurtleff , 1007); ther efore’ , 85% value s L-. C ’ i ’ e’

a l s o  d e t C ’rmmmi l i ed .

,‘\ c c l i m - a c v  (in percent correct) was plo tted against the seven

v i ewing distance s; these curves were- then t r ans fo rmed  i n t o  l i n e a r  p l o t s

by converting the percent scores to standard (a) scores. Percent

scores of 100 were deleted from this anal ysis to avoid extreme-score

bias. A least-squres regression was performed on these transformed

data and the least-squares , best -fit was determined . The 50% and

85% threshold viewing distances were obtained from the regression

equation for each C x 11 combination .

The 50% and 85% visibility threshold distances are sumniari:ed

in Fi gures 21 and 22 , respectivel y.

Initial statistical analyses of the 50% and 85% threshold

visibility data were performed by using analyses of variance (Tables 11

and 12 , respectively) . The Newman-Keuls comparison statistic was used

to evaluate further the design-related si gnificant main effects , as

also indicated in Tables 11 and 12.

TABLE 11 . Analysis of Variance Summary for 50% Threshold Visibility

Individual
Source of Variance df MS F p Comparisons

a 
-

Character Size (C) 3 4960.66 17.40 < .005 C1 C2 C3 
C4

Luminance (11) 2 1746.33 6.13 < .05 L1 L2 L3
b

C ~ L 6 285.14

aThe va r iab les  not u n d e r l i n e d  are a l l  si g n i f i c a n t l y ’  d i f f e r e n t  from
one another at the 0.05 level unless otherwise noted .

bprobable cause of non-significance is the small number of data points.
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(AOl 12 . A m ia l v sis of \ a i ’  i u m i c e -  Sunumi a m -v fo r  S~~’~ hre~ lIul d \ s ib i  1 i t y

:, : - 7  -

3 ~~~~~~ If F p

‘; ‘ , t e’P C1:~€. (C) 3 2 3 3 2 . 9 8  33.09 r .00l  C , ‘
~~, C , C :

h

- . — -, -
- ~~~~ ‘ - l ~~~ (L) 2 61, . ~~~,) 7.  0 < .0_S ~~~~, ~~~,

C 0 7 0 . 4 9

‘
~The v a r i a b l e s  not u n d e r l i n e d  are all si gni f ic an t l y different from

one a n o t h e r  at t he  0 .05  l e v e l  u n l e s s  o t h e r w i s e  noted .

b - - -C2 s i g n i f i c a n t  f rom C , at 0 .01  l e v e l .

c pr ob ab le  cause of n o n - s i g n i f i c a n c e  is t h e  s m a l l  number  of d a t a  p o i n t s .

For bo th  the  50% and 85% t h r e s h o l d s  as c h a r a c t e r  s i :e  i n c r e a s e s

the t h r e sho ld  v i e w i n g  d i s t a n c e  a l so  i n cm - e a ~ es .  For t h e  30% t h r e s h o l d

measure , 2.64 and 3.05 mm are signif icam it1~ different from 344 mm . For

the 85% threshold data , 2.64 and 3.05 mm arc significantl y different from

both 4.79 and 5.44 mm . Thu s , the general trend is that increases in

threshold (both 50% and 85%) viewing distance are obtained with increasing

character si:e. However , each size step increase does not produce a

stat is t i c a l l y  si gnificant increase in threshold distance , lar gely due to

the low statistical power (small dii.

While increases in luminance have an o v e r a l l  i n c r e a s i n g  e f f e c t

upon thes e thresholds , the Newman-Keul s comparison statistic failed to

show any - i n d i v i d u a l  l u m i n a n c e  l eve l  di f f e r e m l c e ’s .  T h i s  wa s probabl y

caused also by- the small number of data points (or ~~) for each cell.

~3I~~~~~~~$4t I  r0S~)3fl$C ‘-~~~~a~- - 3. All oy era 11 summary of the

s e n s i t i v i t y  of t h e  d i f f e r e n t  o p e rat o r  response  measu re s  to  t he  di f f e r e m l t
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d i s p l a y  v a r i a b l e - s i s  ShoIsII in ‘l ’ a b l c  13 . R e c o g n i t i o n  a c c l l m ’ :lcy showed

the most  s e n s i t i v i t y - - Response  t i m e s  I-.e’ m’c l e s s  sem i s  i t  i v e  to  combina-

t i o m i s  of C arid 11, hut the y s t i l l  p r o v i d e d  c o n s i d e r a b l e  i n f o r m a t i o n

about t he- d i s p l a y  pa ram ii e t  er s  -

la chi st o sc o p i c  r c c o g n i t  ion  was i’ e - l a t  i v e l y  im i s e ’n s i t i v e  to t h e

u i s p l a v  v a r i a b l e s , p r o b a b l e  du e  to  the sm i ia l l  0 6 1  m v i e w i n g  d i s t a n c e

combined si th t h e  r e l a t i v e l y  l o n g  exposure  d u r a t i o n s .  The t a c h i s t o —

scop ic  mneas u m - e  wou ld  p r o b a b l y have been more s ens i t  iv e  i f  the exposure

t i m e s  had been s h o r t e r .  ‘I b i s , however , was not p o s s i b l e  w i t h  t h e

e x i s t i n g  eelui pment .

I’he threshold visibility’ measure was developed from the ace-uracy

dat a and is not reall y’ compa rable , in statistical sensitivity terms ,

to ac curacy or tachis toscop ic recognition . However , Fi gure 22 show s

that the threshold visibilit y data essentiall y agree with the

r e c o g n i t i o n  d a t a .  I n  f a c t , c o r r e l a t i o n s  among t h e  12 C x 2 means for

the several resporse measures are qui te hi gh . as shown in Table 14.

Accurac y m a i n t a i n s  a c o n s i s t e n t  c o r r e l a t i o n  w i t h  the  other

measure~ Response  time i s  not appreciab l y differen t from r e c o g n i t i o n

accuracy in terms of correlation consistency . However , in terms of

experimental desi gn and d a t a  c o l l e c t i o n , i t  is much e a s i e r  to o b t a i n

accuracy measures than to obtain response time measures.

The i n t e r c o r r el a t i o n s  p e r t a i n i n g  to the  t a c h i s t o s c o p ic recognition

again indic ate that , as a response measure , i t is no t as sensitive a

1 iIlc ’;ir measure of leg i h i  I i t y  as are  the other response measures -

SI
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Exposure ~ioc ( - ‘2 )
H - ( - L - I :- (SpJ l?33  ) I r ’ 2 ‘ .G? 33.33 ,50.OO

Respon se Timm ie -0.97

T a ch i s t o s c o p i c
Recognition (16.07 ns ( 0.78 —0.72

‘I’a ch i s t o s c o p i c
R e c o g n i t i o n  ( 3 3 . 3 3  ns) 0 .83 -0 .64  0 . o 2

T a c h i s t o s c o p ic
R e c o g n i t i o n  (5 0 . 0 0  ms)  0 .60  - 0 . bO  0 .38 0 .53

83% Threshold
V i s i b i l i t y  0.94 -0.96 0.69 0.78 0.48

Thresho ld  v i s i b i l i t y  measures  remain  cons i s ten t  w i t h  accuracy  and

response t i m e , but  t h ey  r e q u i r e  more da ta  p o i n t s  (data at each viewing

d i s t a m i c e )  to obtain a m e a s ur e  of observer  pe r fo rmance  as used h e r e i n .

Thus , the recognitio n accuracy measure seems best overall due to its ease

of data c o l l e c t i o n  and i t s  h i g h c o n s i s t e n c y  and s e n s i t i v i ty  across  a l l

experimen tal variables.

Besides bei ng statisticall y si gnifi cant or sensitive , a response

measure  s h o u l d  a l s o  d e m o n s t r a t e  p r a c t i c a l  s i g n i f i c a n c e .  In  o ther  i-.ords .

t h e  response  measure  s h o u l d  account  for  ~i s ub s t a n t  ial amount of t he

p r a c t i c a l  v a r i a t i o n  found i i i  t he  e - x p e r im e n t . I n t r a - c l a s s  co r r el i t i o n s

a c c o u n t a b l e -  v a r i - I t i o n )  s cm - c  measured  on t h e  d i f f e r e n t  response

measures  and are shown for  t h e  m a i n  e f f e c t s  i n  T a b l e  15 .
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,- \c ross  a l l  the response - measures , charac ter size- accoum it~ i i

a much larger percent va riat ion than does l u m i n a n c e .  C h a r a c t  ci- si  y e-

u n d e r  t h e  r e c o g n i t i o n  a c c u r a c y ’  response measure , p rov ided  a maxin iuni

of 4 . 7 t i m e s  more ’ a c c o u n t a b l e  variat ion than did luminance- .

Of course , t h e  e f f e c t s  of v i e w i n g  d i s tan c e  are  a l s o  shown to

account for large percen tages of the pract ical variation. Ove r l (l ’
~

of t h e  v a r i a t i o n  in a c c ur a c y  i s  a t t r i b u t a b l e  to v i e w i n g  d i s t a n c e , w h i l e -

over 20% can he attributed to viewing di stance- s for response time.

It should also he remembered t ha t  the  response measure  se lec ted

shou ld  be m e a n i m i g f u l  to the sy st em cri ter ia (Chapanis , 1971) . Cornog

and Rose (1907) found that over the years investi gators have used an

astonishin g vari e-t~ of respons e measures in study ing the problem of

e v a l u a t i n g  the  leg i b i l i t y  of t yp e .  However , to be mean ing fu l , the

response measure  m u s t  have some r e l a t i o n  to the  task  the  operator

p e r f o r m s  in t h e  r e a l - l i f e  sy s tem . For t h i s  reason a lone , the

leg i b i l i t y  of a l p hanumer i c  c h a r a c t e r s  would p robab ly -  be be t ter  measured

by a recognition accuracy or threshold visibility task than by any

other response measure . If the operator cannot accuratel y read a given

symbol , system errors are likely to occur . Speed in the absence of

accuracy is of doubtful merit. There are very few , if any , visual

d i s p lays  t ha t  are a c t u a l l y  operated in a mode of t ach i s toscop ic

presentation .

C- tsr; la.y Parame ters

Character si:e , luminance , and viewing distance proved to have

cons~~~t e n t  and s i g n i f i c a n t  e f f e c t s  upon t h e  leg i b i l i t y  of d o t - m a t r i x

;i lp ham uii nem - ic characters ;it viewin g distances larger than 1.5 m. To
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should be i n c r e a s e d  amid , c u m i v e - r s e - l v , to  ot L’rconie- the- adve-x-se- e ffects

of low lunu n a m i c e -  l e v e l s , cl ian- actem- si :e’ i c  am igula m - ;111te nse should

be’ mere-u sed . -

Shurt leff (1907) and Il owe- l I and k r a f t  (19 39)

have recommended that a lp h a n u n e r i c  c h a m - l i c t e r s  s h o u l d  s u b t e n d  at l e a s t

12 mm of v i s u a l ang le at the  e~-e i n  o rde r  t o  pr ov i d e  a d e qu a t e

leg i b i l i t y ,  where adequate  leg i b i l i t y  i s  d e f i n e d  as  83 ’ a c c u r a c y .

Fi gure 7 shows that the improvement in leg ibility - (accurac y ) is

insignificant for character sizes large than 1.79 mm , whereas

Figure 9 indica tes that improvement in leg ibility - is in si gnificant

for viewing dis tances less than 1.5 m. These results thus establish

the  leg ibility cutoff poin t as a character si:e’ 47 9 mm at a view ing

distance of 1.5 mm. At these values the character subtends 10.80 mm

of visual angle at the eye (Table 3). The results of this experiment

are thus quite consistent with these established guidelines .

Luminance. According to Gould (1968), any di splay luminance of

about 68 cd/ rn2 is probab ly adequate , assuming that the ambiem it

illuminance is such that sufficient modulation is maintaine d between

the disp layed characters and their back ground . The results of this

experiment are also relative l y- consistent with this recommendation.

A c c u r a c y  decreased and response t ime  increased s ig n i f i c a n t l y when t he

mean character (display) luminance was decreased from 27 to 8 cd/n .

Acc u racy and response t ime did not improve si gnifican tly when luminance

was increased beyond 27 cd/ rn2 .
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A iiihie mit i I lli n h i m la m ie - e i~as mie - g l i g il l e -  am id lum u m m i ami ~-e mm iu d ii l ;it n om i t on

the thm -ee different 1 evel s of lum i mianc e’ w a s  0.11 , 0.78 , and i i  .9)

(cont rast rat ios of 2. 4 : 1 , 7.98: 1 , and 23.  8 : 1 ) , re- spec t t v elv - The-se

results are c o n s i s t e n t  w i t h  t h o s e  of h o w e l l  and Kraft (1959), who have

recommended a desirable luminance modula tion of 0.94 and an acceptable

m o d u l a t i o n  of 0.88 for r e l a t it - e l y s n a i l  c h ar a c t e r  s i zes  ( l e s s  t h a n

16 mm of visual ang le) .

Care should be taken in es tablishing the luminance lev e ls based

upon the tachistoscopic presentation data. It is possible that the

pulse wid th , or actual “on” t ime , of the el ‘ctrcn beam will vary for

different luminance levels depending on the threshold characteristics

of t h e  d i sp lay  phosp hor , i.e., differential rise and decay- times of

threshold viewing luminances as a function of a-axis modulation. This

possible confounding of “true” presentation time is significant due to

the fac t that the exposure t imes used in this study are wi thin the

range of times over which the visual system is a virtuall y- perfect

temporal integrator (Blondel and Rey , 1911).

Viewing distance. At viewing dis tances smaller than 1.5 m , the

levels of luminance and character size used in this study did not have

si gnifican t effects upon performance. When a disp l a y  is to have mul tip le

operators and , of necessity, the viewing distance must be larger than

1.5 m , the choice of the display becomes dependent on its capabilities

to disp lay larger character sizes at hi gher luminance l evels.
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R e c o g m n i t  ion a c c u r a c y  w a s  found to  be t he  o p e r a t o r  r e s l ) omi se

measure that is generall y mmiost sensitive to the disp la y parameters

of charac ter s iz e , luminance , and vie w ing distance , although other

response nieasures showed considerable sensitivit y- and n- c-li ability.

C h a r a c t e r  s i z e , c h a r a c t e r  l u m i n a n c e , and v i e - w i n g  dist anc e

proved to have con sistent and si gnificant effects at t ’ie w in g d i s tances

greater than 1.5 m. At lesser \‘:ewing distam ices , these parameters

had little effect.

The results showed that by increasing luminance , response

accuracy  can generall y be increased . To overcome the adverse effects

of small charac ter s ize , luminanc e shou ld be increased and , conversely,

to overcome the  adverse e f f e c t s  of low luminance  l e v e l s , cha rac t e r

size should be increased .

Disp lay modulation should be greater than  0 .78  to ob tain adequate

leg ibility- (85% accuracy) , while characters should subtend at least

10.8 mm of visual ang le at the eye .

The results also indicate that there is no significant difference

between the  disp lay requirements  for these  computer-genera ted  d o t - m a t r i x

characters vs. those for conventional CR1 disp lays.

While  it was shown that character size is a si gnificant variable

in achieving adequate legibili ty, further evaluation of character

construction should provide even more useful guidelines for prototype

desi gns. The evaluation of different dot sizes , inter-dot spacings ,

and dot shapes , stud i ed in subsequent experiments , provide information

as to exactl y which character constituents arc most important in legi b i lCi ty.
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While character confusion was not of interest in this exp erimm m en t

it was noted that subjects tended to c o n f u s e  c e r t a i n  c h a r a c t e r s

consistently. Evaluations of diffe-rent font styles were subs equem it1~

performed to provide information to resolve this problem . It must be

remembered that different character fonts should he compared and

evaluated at each dot-matrix size and not generall y averaged across

d o t - m a t r i x  s i z e s .  The reason for t h i s  is t h a t , as the  m a t r i x  s i z e

gets  l a rge r , i t  becomes easier to duplicate the more difficult or

elaborate font patterns.
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Farl iei- discussions in this repon- t have poi nted out that the

i n d i v i d u a l  d o t - m a t r i x  c h a r a c t e r  h a s , i n b e i - e n t l y ,  r e s u l t e d  fr om des ign

d e c i s i o n s  r e g a r d i n g  bot h n m a t r i . x  s i z e  and dot c h a r a c t e r s i t c s .  S t u d i e s

descr ibed  l a t e r  i n  t h i s  report  address  the  q u e s t i o n  of op t ima l m a t r i x

s i ze (e . g . , 5 x 7, 7 x 9, 9 x 
~~~~~ e t c .)  - In the  e x p e r i m e n t  r e p o r t e d

in this section , a t t e n t i o n  was g iven  to th ree  des i gn v a r i a b l e s  r e l e v a n t

to each dot of the dot mat rix amid the interact ion of these variables

s i t h  the ambient illuminance level.

The four v a r i a b l e s , i . e . ,  e l enment  size , element shape , inter-

e lement  spac ing , and ambien t  illuminance , were stud i ed to determine

how they a f f e c t  leg i b i l i t y -  and , more importantl y, to derive some

op t ima l combim - i a t i o n s  of these four variables. Due to the confusion

su r round ing  the  e f f e c t s  of these variables , a broad range of

combina t i ons  was se lec ted  (S-I c o m b i n a t i o n s  of the  v a r i a b l e s , t o t a l ) .

A l s o , since d i f f e r e n t  tasks  may r equ i r e  disparate combinations of the

var iab les  for op t imal  observer performance , i t  w a s  necessary  to use

th ree  separate , but r e p r e s e n t a t i v e , observer tasks and to anal yze

each t a s k ’ s r e s u l t s  i n d e p e n d e n t l y  of the  o ther  tasks. t (ith the results

of t h i s  stud y ,  i t  is hoped t h a t  i n d u s t r i a l  desi gners , for i n s t a n c e ,

can f a b r i c a t e  a dot-matrix visual display superior to displays of the

past  in terms of individual and contextual character leg ibility.

(4(1
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At the t i m e  t h i s  - i t u d v  s:is c om i d u c t e d  , there was no demonst rated

super ion - font for dot —ma t r I x c l i a r- a c t e r s  - \amid e’r kol k , c ~- -~~ - - ( 19 75)

conc l uded t h a t  leg i b i  I i t y  d i  f fer e n c es  be tween  d o t - m a t r i x  f o n t s  were-

mn i nim a l , so they chose the Lincoln/Mitre (L/M) fomit for their

experimen ts due to its popularit y as a stroke font . Maddox , Burnette ,

and Gutmann (1977) showed si gnifican t differences among three 5 7

fonts. They created two of the fonts; the third was the L/M font , as

adapted by- VamiderKolk , et al. to dot-matrix displays. The greatest

number of errors wa s obtained with the Lincoln/Mitre font; the best

font led to 18% fewer errors than did the L/M . This shows that

improvements  are p o s s i b l e  over the  L/M for 5 x 7 dot-matrix applica-

tions. (See Section VI for details of the Maddox , et ci. (1977)

experimen t.)

Though the three fonts can be ranked in order of total number

of errors , any of the three fonts may have been best on one particular

alphanumeric character . It is advantageous to further minimize total

errors for a proposed alphanumeric font b y p i c k i n g  the  best font  of

the three for each alphanumeric character. This “composi te font”

(Fi gure 23) would theore t ically have 46% fewer total errors than would

the L/M and was used as an optima l 5 x 7 dot-matrix font during this

experiment .

Me ti-zod

Experimental design. The four f i x e d- e f f e c t s  v a r i a b l e s - - e l e m e n t

size , interelerncnt spacing, element shape , and ambient illuminance- -

were comb i ned in a full factorial desi gn (Fi gure 2- 1) - Three of these

(
~l 
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Fi gure 23. Composite 5 7 Font
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Figure 24. Experimental Design
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va r ia hl es — — e lemmmem m t s i :e ’ , e - l e - m n m c m i t  s hape , amid  i m i t e n - 1 e n ~ l i t  s p a c i n g -  - I~el

stud ned as bet wee-n— s uhj  c - ct  s v a r  t a b l e ’ s  - ‘I’Iie m y  se cc’ t lire- c- ic- ce ’ is ut

each of these va i- i abi es. Sub j  c-ct s we-i- c ass i gmied random u l v to t reatmnc -nt

levels , wi th four subj ects i n  each of t h e  27 c e l l s .  I .a c li c e l l ’ s

conditions were repeated for each subject under both hi gh and low

ambien t illuminanc e levels.

Three separa te  t a s k s  w e r e  used amid are described he- re’ . A

counterbalanced proced ure controlled order effects of the’ two types

of searc h tasks , the a m b i e n t  i l l u m i m i a n c e  l e v e l s , and t h e  t w o  differe n t

forms of the reading test. There were three ic- ce-is each of element

shape , elemen t s iz e , arid interelenent spac ing, amid two levels of

illuminance .

Element s~apc ’. Due to dot blooming and the general irregularity

of each of the small points on the disp lay, it is no t possible to

crea t exac t rep licas of geometric shapes suc h as squares , c i r cl e s , or

rec tangles. If enough of these points are combined , t he se  shapes and

orientations can be approximated closely, however.

For t h i s  exper iment , squares  and r ec t ang les were s i m u l a t e d .

The latter were divided into verticall y and horizontall y oriented

rec tang les , i.e., the longest dimension fell a long  the vertical or

horizontal axes , respec t ively (Figure 25). -

Element size. The three levels of element size were 0.76 mm ,

1. 1-1  mm , and 1 .52  mm. These s izes  were subjectivel y de termined to

Present readil y detectable differem-ices in size (Fi gure 25).

(4- 1
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~~~~ 1 4  p -~’l~r- -~ ~~ ~~~~~~~~~~~~~ ‘Fh r~~ le v e l s  o spac i ng r a t  ios  were used

so that the ’ ed ge- - t o - e d g e -  sp a c e / e l e m e n t  si:e’ ratios were- 0.5 , 1.0 , and

.5. There we’re n i n e  s i z e - s p ace- conditions as  ti n e actual spacing was

di tIe-rem it for  each  e l e m e n t  s ize - , but t h e  s p a c i n g  ra t  ios were constant

ac ros s  e l e m e n t  s i :e .  The r e c t a n g l e s  w e r e ’ a c t u a l 1>’ c e n t e red  w i t h i n  a

lam - ge t -  c e l l  t h e  s i z e  of t h e  c o r r e s p o n d i n g  s q u a r e .  This  m i n i m i z e d  the

t o t a l  number  of o v e r a l l  c h a r a c t e r  s i z e  d i m e n s i o n s , w h i l e  p r o v i d i m i g  a

simple method of se tt ing the interelemen t spa ci ng (Fi gures 25 , 26;

Tabl e 16). The sizes and shapes of individual dots were obtained by’

combinat ion of ninipoints , or the smallest computer addressable point ,

as described in the previous section amid illustrated in Fi gure 20.

All of th e characters exceeded 23 minutes of vertical sabtense to

minimize the effects of overall character size (Semple , et a~ . , 1971).

Figures 27 and 28 illustrate two of the experimental conditions.

Ambient ~~luminance. As mentioned above , the tw-o illuminance

levels were in modera tely subdued office level and a much nor? subdued

level of approxima tely 700 and 5.4 lx , respect ivel y.

Subjects. There were 108 college age subjects used in this

research , 61 male and -17 female , randomly assi gned to the experimental

condi tions. All subjects were screened for 20/25 , or be tt er , correc ted

visual acuity as well as normal phoria , color vision , and depth

perception with an Orthorater vision tester. These tests were performed

t n e a r  (0.33 m) and far (6.1 m) equivalent distances.

- z 4ees. There  were  th ree  p e r f o r m a n c e  measures  t a k e m i

• h- ~tti d~ t o  u e ’ ; i s t i r e  l eg i b i l i t y -  of t h e -  c h a r a c t e r s  c r e a t e d  h t he

_ _  ~~~~~- -- -~~~~~~--  _
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v , im - i a i n l es. thes e llIe ’ a s u m e s  wem -e a re-ad im t e ~ rate- score and t t s o se-arch

task scot- c-s , O m i t - ramt dtiiii i n  tWo—el inc- m is iona 1 1 ocat ion of tine c i t a r a c  t e r s

and one st rue t ureel 5 0 f l ) c i s h l  t l i k e  a menu . Ihe - r e a d i n g  t a s k  w a s  used

because i t  is s i m i l a r  to the  t a s k  a person  faces  when p u m - t i c i p a t i n g

in  a t r a i n i n g  cou r se  u s i n g  c o m p u t e r - g e n e r a t e d  t r a i n i n g  1 s ~~~h -~ am i d

ins tructions. Also , an effort is being made to have computer programn-

ming languages wr itt en in dialog form and , therefore , be more w idel y

usable. The randomn search task is similar to the situation on a

Combat Information Center tactical display in which the user must

search the display- , usuall y- in a random manner , to find t h e  symbo l s

or characters of interest. The other (menu) search was though t to

represen t a more struc tured task , such as a p a r t s  number search  i n  a

catalog. All three tasks , in other words , represent real-life

situations.

The Basic Reading Rate Scale (Tinker , 1947) is a r e a d i n g  ra te

test taking five minutes (as revised by Carver , 1970). The test has

been developed as an exper imenta l  tool for  an a l y : i n g  l e g i b i l i t y ’

variables (Buros, 1959). It has been shown to have hi gh (r = 0.96)

parallel forms reliability and has a high (r = 0.75) correlation with

the Davis Reading Test’s Speed of Comprehension variable. The c o n ten t

validity of the test would seem to be high due to the construction of

t he  t es t , but an apparent weakness  is the  r e l a t i v e l y -  s m a l l  number of

v a l i d a t i o n  a t t e m p t s .  S p e c i f i c a l l y ,  onl y- a few c o r r e l a t i o n a l  s t u d i e s

have been performed , all by the author of the test.

The t e s t  c o n s i s t s  of two p a r a l l e l  forms , -\ and B , w i t h  98 and

~~ p a ss ag es , respectively . Each passa ge- i s made up of om ie or t w o

- 

I 
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se- m i te nce - s wi th a t o t a l  of 30 wom - d s per  p C I S C C a ’,’e - The- s u b j e c t  i s

i n s t r i m c t e - d to  rea d as f a s t  as possible am id , as a e o ni p m - c- h e - m i s i o m t  d i e -c l

to cross out one word  i n  c-ac -ti passage’ t h a t  does not  f i t  t i ne  m e a n i n g

of t he  rest  of t ine  passage . The a c t u a l m e a s u r e -  t a k e n  i s  t h e  t o t a l

n u m b e r  of passages  comp le ted  at t h e  c-mid of f i v e -  m i n u t e s .  I t  i s

m i e a r - l y  i m p o s s i b l e  to f i n i s h  a l l  t h e  p a s s a g e s  w i t h i n  f i v e  m i m i u t e s ,

and t he  materi a l is s i m p l e  c-m no ug h so that few , if imt ~~, mistakes ~1 r e ’

made i n  c r o s s i n g  out the i n c o n g r u o u s  word .

As i m p l e m e n t e d  in t h i s  r e s e a r c h , t in e passages  were t a k e n  f rom

the ‘r inke r  ~~-4 - eJ  -
~~~~~ 

C,e . Z ~~~~
; , ‘~~~c .  F i f t y  p a s sag e s  f r o m  each form w e r e

g i v e n  to each sub jec t , one passage  on t h e  d i  sp lay -  at a t i m e  in  t h e

a p p r o p r i a t e  e x p e r i m e n t a l  t - a r i a b l e  c o m b i n a t i o n  ( e . g . ,  F i gu re s  27 and 8i -

When the inapp ropriat e word nn a s  found , the  s u b j e c t  depressed the

“Stop Clock” key’ and then spoke the incongruous word into a recorde - .

Responses were checked to verif y- that an unusua l (> 4) number of

e r r o r s  w as  not made .  Due to t h e  t i m e  t h a t  it took the minicomputer

to c o m p i l e  and pr int each passage , t he  e n t i i - e tes t  took about  25

m i n u t e s  per form .

A search  d i s p l a y  c o n s i s t i n g  of t h r e e  co lumns  of ei ght  “Words ”

each was used for  t h e  menu s ea rch .  Each word c o n s i s t e d  of f i v e

randoml y selected alp hanumeric characters . One of the 2.1 word s was

t he  t a r g e t .  Once a l l  of t h e  word s had been w r i t t e n  on the  displa y ,

an examp le of the target was inri tt en at the top center of the  d i s p la~~.

w i t h i n  a b o x .  T h i s  s i g n a l l e d  t h e  s t a r t  of t he c lock and t o l d  the

stihi c-ct wh I cli Word to  s e a r c h  for  - ‘Ihe  e x a m p l e  rema i ned on the screen

t hr o u g b o i it  t he t r i a I to mu i n  in i :e’ n i em nor v reej u i r e m e n t  s I F i gure  .~~~) ) . A l 1

— l
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sni l ’ ; c-ct  s m ’ ec e’ i v e-d t lie sa u in e  ord er of t a 1- ge t  b eat i om i s  f o r  t lie - 1 2 t r j u l  s

l h  i s  m i i i  m i i mu  i Ce-d be-twee-n—s ub j cc t ~ ~~~ 
i t  i o i u a  1 e f f e c t  s - To con t rol

p o s i t  iona t e f f e c t s  f u r t h e r , t ine  t a r g e t  was l oca t ed  once w i t h i n  each

area  of t u e  d i s p l a y - .

For the random search t a s k , sing le nonoverlapp ing charac ters

n~ere p o s i t i o m i e d  randoml y on t ine  d i s p l a y . A l l  36 alp h an u m e r i c  charac ters

were displayed constantl y- during a trial , with all but the target

c h a r a c t e r  d i s p layed tw ice  per t r i a l .  Therefore , t h e r e  were 71 cha rac t e r s

on t h e  d i s p l a y -  at any one t ime . The d i s p l a y -  was d i v i d e d  i n t o  12 equal

areas and the target was located in each of the areas once for each

subject. Again , as in the structured search , an examp le of the target

was c o n s t a n t l y- d i s p l a y e d  w i t h i n  a box , top cen te r  on the  d i s p l a y ,  so that

the subjects did not have to memorize the target but simp ly find it and

give its location (Figure 30). All subjects received the same

presentations of characters and all characters were oriented normally - ,

t ha t  is , v e r t i c a l l y .

For both  search tasks , the performance measure was average search

time per trial. This was computed by’ summing search times across all

of the trials on which the subj ec t found the target and entered the

correct location. This sum was then divided by’ the total number of

these correct trials per form for each subject.

The subjects ’ task was to locate the target and then press the

“Stop Clock” key on the small keyboard directl y- in front of them .

This response stopped the real-time clock in the computer . For the

random search , pressing this key also caused a grid to appear on the

disp lay that divided the screen into 12 equal sections. Each sectio mi
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w a s  nummmbered amid  tht- s u b j e c t c -nt  c-red the number corre-spond i mig to the

target ‘ 5 b eat ion - It should be n o t e d  t h a t  t h e  s t i m u l i  d i  sappeared

when ttte grid appeared (Fi gure 30) - D u r i n g  t h e  menu s ea rch ,

depressing the “Stop Clock”  key ’ caused a number  be tween  1 and 24 to

appear where each of t h e  word s was and the subject entered the

target’ s location number on a sn mall keyboard (Figure 29) . For both

search tasks , the subjects ’ responses were echoed on the display and ,

after correcting any typ ing errors , the subject initiated another

trial by- depressing the “Next” key on the small key’board .

Laboratory equi pment. The CRT display used for this research

was the Tektronix 4014-1 direct view storage tube used in the previous

experimen t. The display had a green chrominance wi th a back ground

luminance of about 2 cd/ rn2, as measured in a darkened room . The points

had a luminance near 17 cd/n , again measured in a room with low

illumination .

The experimen t was run and data were collected by the PDP 11/10

minicompu ter with a 1.2 M word disc unit. A DEC Laboratory- Peripherals

System (LPS-ll) was used for exact timing of operations. Data were

output on a Centronix 306-C medium speed prin ter.

Experimental area. The display was located in an enclosed area

1.68 m by 2.13 m with a li ght-colored curtain on one side and light-

colored walls on the other side and beh ind the disp lay. Behind the

subje ct wa s a dark-colored curtain to reduce extraneous reflections

from the disp l a y ’ s surface. If the subject wore lig ht-colored clothin g,

a black drape w a s  p l a c e d  on the sub j ect , again to reduce reflections.
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Ai nib ie’mit 1 i gin t im i g neu s t i m - nv ided by :i f l u o r e s c e - m i t t i  Xl tire t~ i tin tin o

- 22  mn t ub e s  wh i e’h d I ffuse’d t lirenig h am i overhe ad sc l ee- n at  cc- i I lug

he i ght for  t he h i gher 1 i g l u t  i ng l e v e l  - ‘ihe lo w en -  amP i c - m i t  l i g ht  i ng

level was prov id ed by- a s m a l l  in candes ce-nt li gh t diffusing throug h

the  same’ si-creen - The h i g her l e v e l  appr ox imn ated  t y p i c a l  o f f i c e

— l i gh t i n g  and t h e  lowe r l eve l  was near that of repi-esentative low

lighting conditions.

Also in the experim ental are-’ were a subject’ s chair , a forehead

r e s t r a i n t  to p o s i t i o n  t h e  s u b j e c t ’ s head at  t h e  d e s i r e d  v i e w i n g

dis tance of 1 .02 m , a tape r e c o r d er  t o  re com - d  v e r l n a  1 response-s . and

a small keyboard mounted directly- in fromit of the subject to be used

to stop the timer and to record the  targe- t location in the search

tasks.

Experimental procedure. The subjects were screened for acceptable

vision before they reported for the single experimental session. Upon

arriving for the session , each subject was seated in the experimental

room where he/she read a set of instructions. During this time , his/her

eyes were adapting (for 5-10 m m )  to the appropriate illuminance level.

Next , the subject was seated comfortably in the experimental

cubicle and the head restraint was adjusted . Each subject received

the reading test first under the appropriate conditions . Then the

subject received the random and the menu search tasks , comple t ing one

type of search before starting the other . After both searches were

finished , the ambient illurninanc e was changed and the same procedure

of tasks was performed using the other forms of each task. The entire

experimental session took approximatel y two hours per subject. At the

-
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c iid ot each subject ‘ 5 S e- 5 5  1 d m 1  , a pri ntout w a s  obtained of the t i n n e - s

pe r  p a s s a g e ’  and per se-at -el i fon- the- suh _ c -ct  as w e l l  as the incormect

re ’spomises that we i-e  ,miadc- on t h e  seat -e l i  t i i a l s  At t h e  end of each

sub j ec t’ s ses s ion , he/ she r e c e i v e d  10 addi t ion a l passages a t the hi gh

ill unu i nance level wi-ittemi wit h characters generated internally - by the

l’ektromi ix dis p lay- . These were simulations of stroke-generated

c h a r a c t e r s  amid were  simn a l 1cr than t in e e x p e r i m e n t a l  c h a r a c t e r s , so t h e

sub j ects could read these passages faster than those in the rest of

the  e x p e r i m e n t .  These passages  were used as b a s e l i n e  r e f i n e m e n t s  to

the reading time scores of each subj ect by’ subtractin g the mean time

of each subjec t ’ s baseline passages from his/her experimen tal mean

time per passage. This removed effects of individual reading speed .

Resul ts

An analy’sis of variance was compu ted for each task using the

Statistical  Anal ys i s  System. Addi t ionally , Newman-Keuls analyses

of m u l t i p le compar isons  were performed on any si gnifi cant main effects

and interac t ions to ident if y- the significant differences. Appendix A

lis ts the cell means associated with the 54 combinations of the

experimental variables.

Tinker reading task. For each subject , the mean t ime per passage

w a s  computed . From t h i s  mean was subt rac ted  the  mean t ime per passage

of the baseline reading task. The ana l ysis of variance and Newman-Keuls

compu tations were performed on these difference scores (Table 17).

The overall effect of element size was si gnificant (p < .05), as

shown by the anal ysis of variance. The 0.76 mm and the 1.1 4 nun elements
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pi odueed approximatel y equal  read i mng t lines , both of w h i c h  we re’  s ho r t e r

(p < . 0 5 )  t h a n  t he  t m e -  t akemi  to read p assages  c o n s t r u c t e d  of t h e

1 .52 mum elements , as shown by Figure 31.

TABLE 17 . Anal ysis of Variance Summary’ for Tinker Reading Test

Source o~P V~ii iancc df MS F p

Size  ( S I )  2 7 .87  3 317 0 .04

Shape (SF1) 2 7.267 3.063 0.05

SI X SF1 4 3.403 1.434 0.229

Space (SP) 2 30.733 12.954 0.0001

SI x sp 4 0 . 62 2  O . 2 o 2  0 .901

SH x SP 4 2.876 1.212 0.312

si x 
~~~~~ 

x sp 8 0.916 0.386 0.925

Il l uminance (1) 1 2.745 3.04 0.081

SI x 2 1.917 2.123 0.124

SF1 x I 2 1.297 1.437 0.242

SI x SF1 x 1 4 3.731 4.132 0.005

5p x 2 1.34 1.484 0.231

SI x SP x J 4 1.871 2 . 0 7 2  0 .0 9 1

SH x sp x I 4 1.318 L459 0.221

SI SH x 5p x I 8 1.71 1.893 0.1172

Total 53

The effect of element shape was also statisticall y significant

(p < .05) . The square elements resulted in shorter times (Fi gure 3.~)

than did the horizontall y elonga ted rectangles (tIER) (p < .05) . The

dif fer ence s be tween the ver t ical l y elonga ted rec tang les (VER) amid the

other shapes were not stati stical l y si gnifica nt (p ~ .05)
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‘I’h e hi gh l y  si g n i f i c a n t  (~ . 000 1) , 1 i ni.ar a p p e ; i r i n i ~ space/element

si:e ratio effect (Fi gure 33) indi c at e s that the closer together t h e

elements here , the quicker the subjects could read the passages

(p < .01). All differences among the three means are  statisticall y

si gnificant (p < .01).

Though the overall element size element shape x ambient

illuminance interaction is hi ghl y si gnificant statisticall y (~~ 
< .005),

there are onl y two combinations of the variables that are different

enough from the other points (p < .01) to merit much attention. The

largest HER (1.52 mm) at 700 lx is only different from the medium

(1.14 mm) HER at 700 lx and the smallest (0.76 miii) HER at 5.4 lx. The

greatest number of differences comes from the smallest (0.76 mm) \LR

at 700 lx , which produces significantl y longer reading times than do

all other combinations of the variables for the VER shape (p < .01)

(Figure 34). There were no significant differences (p > .05) among

the square element means.

Random search task. The average time per search for each subject

was computed onl y from the trials during which the subject found the

target and responded with the correct target location. Due to the

closeness of some of the targets to the lines of the location grid and

the potentia1 for inadvertent errors in target location estimation . a

correct location was considered to include any of the areas adjacent

to , as ~:e1l as, the actual target location. Of the 108 subjects , each

having 24 trials (2160 trails total ), there were onl y nine errors made

and no sing le subject made more than one error . Table 1~ summarizes

the anal ysis of variance.
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TABLE lS . Analysis of Varianc e Summary for Random Search ‘lask

Source of Variance df MS F p

Size (51) 2 116.451 13.843 0.0001

Shape (SF1) 2 35.591 4.231 0.017

SI x SE! 4 50.111 5.957 0.0005

Space (SP) 2 3.049 0.362 0.702

SI x SP 4 2.861 0.34 0.851

SF1 x SP 4 7.816 0.929 0.547

SI x x SP 8 23.23 2.761 0.01

Illuminance (1) 1 330.586 62.377 0.0001

SI x j  2 35.066 6.616 0.003

SH x ~ 2 19.969 3.768 0.026

SI x SF! x 
~ 4 14.88 2.808 0.03

SP x J 2 12 .592 2 .376 0.097

SI x SP x 
~ 4 6.424 1.212 0.312

SH x SP x J 4 22.409 4.228 0.004

SI x SF! x SP x I 8 23.515 4.437 0.0003

Total 53

The overall significance of element size (p < .0001) was brought

about by the effect of the small element (Figure 35). The 1.14 mm and

1.52 mm sizes are not significantl y different from each other , while

the 0.76 mm size produces longer search times (p < .01).

As with the reading task , the effect of element shape (p < .02)

is due to the square element being better than either of the rectangular

elements (p < .05), while the two rectangular elements produced essen-

tiall y equal (p > .05) search times (Figure 36).

The 5.4 lx ambient illuminance produced much shorter search times

than did the 700 lx level (p < .0001) (Fi gure 37).
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Thou2h h i gh ly si gnifi c ant )~ 
K - () 0 )~~) , t h e  element si :e element

shape inte t - a ct ion is caused b~’ t h e  suna l 1 \ L~ b e i n g  so muc h sorse (p < .01)

t han a l l  t h e  o t her  means  ( I ’  I gtire 38) . N o n e  of the other means d i  f f e r e d

from one ano the r  ~~~ ‘ .05) -

l’he entire element size ambient i 1 lum i nance int e ra ction (p .003)

i s  caused by the  mean search t ime for  t he  0. T ( mm e l e m e n t  at 700 lx

b e i n g  g rea te r  (p < .01)  t han  the  mean search t i m e  for all other size-

illumination comb i nations (Figure 39). There were no other si gnificant

d i f f e r e n c e s  among t he  means (p  > 05) .

The square element produces shorter mean search times and is

affected less by the hi gher illuminanc e level (700 lx) than either of

the  two r e c t a n g u l a r  e l e m e n t s  (p < . 0 1) .  This  cou ld  be due to squares

be ing  more dense than are rectang les , but it should be noted t ha t  in

this case the square actuall y has a sli ghtl y greater area than did the

rectang les of the same element size. The overall interaction (p < .03)

comes from the  VER at 700 lx be ing  d i f f e r e n t  from a l l  other combinations

of element shape and ambient illumination except the HER at 700 lx;

this latter combination is different from all three 5.4 lx conditions

(p < .01) (Figure 40).

The seeming ly comp lex element size x element shape x interelement

space/element size interaction (Figure 41) (p < .01) is g r e a t l y

simplified when it is realized that only the small VER is significantl y

d i f f e r e n t  ( p <  .01)  from the  other exper imenta l  c o m b in a t i o n s .

The nature of the element size x element shape x ambient illumin-

ance interaction (p < .03)  is p r i m a r i l y r e l a t e d  to o n l y  two e x p e r i m e n t a l

c o m b i n a t i o n s .  The VER at 700 lx  i s  si g n i f i c a n t l y d i f f e r e n t  f rom a l l  of
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t he  o t her  s h a p e — i  l i u m i n a n c e  c u m b i n u t  i o n s  at the 0 . 71 mm si :e (; < .01) .

‘Ihe on lv other si gn i  f i c an t  ~ ‘. .Ol ) d i  f f e r e i m c e  ammi ong a l l  of t h e

s h a p e - i l l u mi n a n c e  c o m b i n a t i o n s  at any s i z e  is  l)etseen t h e  s m a l l e s t

HER at 700 and 5 . 4  lx for the 0.76 inn e l e m e n t s  (F i gure  4 2 ) .

The element shape X interelement space/element si:e ratio ~

ambient illuminance interaction (p < .0004) was caused by four

combinations of shape-spacing ratio and illuminance. At the 0.5 ratio ,

onl y the HER at 700 lx was si gnificantl y different from the other

combinations (p < .05). At the 1.0 ratio , both the VER and the HER

had significant l y longer search times at 700 Ix than did an~’ of the

shapes at 5 4  lx (p < .05). Onl y the VER at 701.) lx was si gnificantl y

different from all of the other combinations at the 1.5 interelement

space/element size ratio (p < .01) (Figure 43).

Though significant (p < .0003), the four-was’ interaction has

little practical value due to its complexity and because the entire

interaction appears to be caused by the smallest VER coup led with

some small effect of the HER , but only at 700 lx.

Menu search task. As with the random search , onl y the correct

trials were used to compute each subject ’s mean time per search. A

correc t response was considered to be any of the numbers adjacent to ,

as well as, the actual target s location number. There were onl y 11

errors over the entire 2160 trials and , again , no sing le subject made

more than one error. The analysis of variance is summarized in Table 19.

As with the random search task , the small element was the major

cause of the element size experimental effect (p < .01), since it

was slightly poorer than either of the larger element sizes (p < . 0 1) ,
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which were  not si g n i f i c an t l y different from each other (~ 
> .05)

(Fi gur e 44) -

TABLE 10. Analysis of Variance Summary for Menu Search Task

Source of Variance df MS F p

Size (SI) .2 16.681 4.795 0.01

Shape (SF!) 2 8.643 2.484 0.088

SI x SH 4 2 . 0 4 1 0 .587 0 .676

Space (SP) 2 5.557 1.597 0.207

SI x SP 4 0.191 0.055 0 .991

SH x SP 4 1 .211 0.348 0 845

SI x SF1 x SP 8 2.259 0 649 0.735

Illuminance (I) 1 4.547 5.739 0.018

SI x 
~ 2 0.898 1.133 0.327

SH x I 2 0 .029  0.036 0 .964

SI x SI ! x I 4 0.643 0.812 0.523

SP x J 2 0.119 0.15 0.862

SI x SP x 4 1.057 1.334 0.263

SF! x 5p x I 4 0.551 0.696 0.6

SI x SF! x 5p x J 8 0.366 0A62 0.88

Total 53

Though statisticall y si gnificant (p < .02), the low illuminance

l eve l  produced o n l y  s l i gh t l y shor ter  search t imes  than  d id  the  hi gh

i l l u m i n a n c e  l eve l  ( 5 . 7 8  and 6.07 s , respec t ivel y) (Figure 15) . This
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d i f f e r e n c e , t houg h s t a t  i st lea! ! V 5 !  ~ Il i fi cant and in  a g re em e n t  s i th I)t h er

r e s u l t s  for  t h i s  v a r i a b l e , i s  p r o b a b ly  of little p ractic al importance.

One of the most consistent effects was that of the small VEIL

Because the smallest (0.76 mm) rectangular elements were made up of

a vectored arrangement of points (i.e., 5 x 1 points for the HER and

1 x 2 points for the VER) and the points were less in width than in

hei ght (0.4 x 0.5 mm , respectivel y), the actual area of the small VER

was much smaller than was that of the HER (0.24 vs. 0.39 mm 2). This

smaller area was unfortunate , but unavoidable because the points on

the disp lay do not overlap enough to allow adding another row or

column of these points to increase the area of the small VER to that

of the small HER. Instead , adding such a row or column increases the

area of the VER to am area greater than that of the HER. A compromise

had to be made.

While the smaller VER’s area perhaps created spurious inter-

actions , it did point out the importance of element size upon

performance. Related to the conclusion that element size is important

is the fact that the largest element , the square , also led to the best

subjects ’ performance. Left mostl y unresolved by these data is the

matter of the overall effect of element shape and whether t.he effects

of shape result from differences in percent active area , total area of

the element , or from some interaction involving the total character

size , which is a necessarily confounded variable , as noted previousl y.

Because of these intrinsic confoundings , some secondary post hoc

anal yses are appropriate and follow .
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\:ilues for character vertical sobtense ( h i g h ) ,  h on  :omi t :m l

su b t e n s e  (Width ) , h e i gh t w i d t h ( A r e a ) , element width element

h e i g h t / c e n t e r - t o - c e n t e r  in t e r e !e n en t  sp a c i n g 2 100 ( P e r c e n t  Act ive

Area ), and c h a r a c t e r  h e i ght  w i d t h  x pe rcen t  a c t i v e  area (Area  .<

Percen t  A c t i v e  Area)  were computed at each of the  27 s i ze - shape-

s p a c i n g  c o m b i n a t i o n s  (Table  20). These derived independent predictor

variables were then correlated with subjects ’ performances on all

three tasks (reading and search tasks). Table 21 gives the r and

associated p values for each correlation .

Performance on the Tinker test correlates reasonabl y well with

both character hei ght (r = .567) and character width (r = .563), as

well as with the product of hei ght and width (r = .560), simp ly because

height is proportional to width for the various conditions. As

character size increases , mean corrected passage reading time increases ,

probabl y because more visual fixations are required to cover the entire

displayed area of the passage . It should be remembered that all

characters were reasonabl y large (> 23 minutes of arc vertically),

so that no acuity limits should have been involved .

Of interest , however , is the fact that the results from both

search tasks correlate negatively with both height and width , althoug h

the correlations are si gnificant onl y for the random search. As

character size increases , search ti mm e decreases for these tasks.

(This general result appeared in other studies as well , as will be

noted in Sections IV and V.)

Better methods of predicting performance with individual

characters on a display mi ght use a Fourier analysis of the intensit y
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d i s t r i b u t i o n  of the  e l e m e n t s  to d e r i v e the upper boundary of the

modulat ion transfer function area (Snyder , 1973) or , perhaps a one-

or two-dimensiona l Fourier ana l ysis to determine uni que power spectra

most strong ly related to performanc e (Pantle , 1974). These approaches

are evaluated in Sections IV and V.

Tinker test. This reading test seems to be an accurate and

sensitive metric for performance on visual displays for severa l

reasons :

1. It is possible to refine the measure by subtracting the

baseline time per passage to eliminate most of the inherent between-

subjects differences;

2, Subjects are familiar with the readirg-typ e test and there

are no learning effects or other difficulties which might result from

a more exotic measure; and

3. Such a reading task is very realistic in terms of future

wide-scale applications of computer-generated visual displays , such

as in training systems and computer I/O.

The main disadvantage seems to be that subjects became bored

during the 25 mm (approximately) of each form of the reading test.

From the results gathered in this research , it was concluded that a

5-10 mm reading test of 10-20 passages would probably have been just

as valid and reliable as was this 50-passage test. Several subjects

stated , after the experiment , that they could antici pate slightly the

target word ’s location , Because of the small number of subjects

reporting this , the probable random distribution of the subjects , and
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the apparen t ~~OL~~~ It ‘ .- i n s i gnifi cance of such an effect , it was not

considered in the data anal ysis.

Random search task. This task produced desirable results but

was not as selective as was the Tinker reading task. Two or three

subjects stated that they knew the target would appear in each area

only once. Again , this random and apparentl y insi gnificant effect

could onl be ignored in data analyses. It is desirable , however ,

to debrief subjects to learn of such possible complications.

Menu search task. This measure was not as sensitive as the

Tinker test or the random search task , probably because it was too

simp le, As several subjects commented , it was possible to observe

and be able to recognize onl y the first two or three characters of

each pseudoword to perform well on this task since it was not likel y

that more than one or two pseudoword s in each trial began with the

same first character. The range of the cell means reflected this

effect because the menu search had a much smaller range (4.17-7.93 s)

than did either the random search task (4.36-21.53 s) or the Tinker

reading test (4.33-15.32 s). The task could have been more sensitive

if more pseudowords were used and each word consisted of two or three

characters, Another solution would be to constrain the random

number generator in such a way that the random pseudowords were more

similar; ideall y, such target pseudowords would have only one or two

characters different from the other pseudowords.
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. . . ‘!.‘ t P !  ~. a::: ‘ - There was some di t’fer’ence between t h e  r e a d i n g

and the search t a s k s .  The smaller dots (and smaller characters) were

more f a v o r a b l e  to  q u i c k  s c a n n i n g  w i t h  r edundan t  cues , as in the r e a d i n g

task , while simple detectabi lit y was enhanced i n  t he  search  t a sks  b y

using the larger elements (and larger characters) . This difference

mus t be taken into consideration when desi gning such displays.

Elemen t shape . The square shape was the best in all cases.

Interelement spacing ratio. Again , scanning rate seemed to be

critical for the reading task so the smallest space was the best , I’

Ambient illuminance . The enhanced luminance modulation resulting

from the low luminance level (5.4 lx) was consistentl y superior to

the lower modulation obtained with the hi gher i l l u m i n a n c e  l e v e l .

Of probabl y the most importance from the desi gner ’ s v i ewpo in t  is

the finding that the best condition for all three tasks was the medium

sized (1,14 mm), square element withthe small interelement spacing

ratio (0.5). That is , for best performance , dots should be square

and approximately 1.14 man wide; edge-to-ed ge spacing should be no

greater than 0.57 mm; and the displayed element/back ground contrast

ratio should be at least 8.5:1 (modulation > 0.79). This minimum

modulation value agrees precisely with the conclusion expressed in

Section II. Increases in element size and decreases in interelement

spacing , the comb ination of which yields greater percent active area ,

lead generally to improved performance.
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A NI) NONCON’1’LXTIJAL CIIARAC’I’F~RS:

INITIAL EXPERIMENT

:~:

The e x p e r i m e n t  descr ibed  in  Sec t ion  I I  e v a l u a t e d  a v a r i e t y  of

r e sponse  measures in  c o n j u n c t i o n  w i t h  two independent  m a t r i x  d i s p l a y

v a r i a b l e s  ( c h a r a c t e r  s i z e  and l u m i n a n c e  l e v e l )  th roug h the  p r e s e n t a t i o n

of s ing le a lphanumer i c  cha rac t e r s , w h i l e  Sec t ion  I I I  desc r ibed

additional research on recognition of both sing le al phanumeric

ch arac ters , clus ters of nonsense characters , and entire sentences,

It is appropriate to concentrate on the sing le a lp h a n u m e r ic

leg i b i l i t y  s tud ie s , for these  s tudies  have a p p l i c a t i o n  to the  many

situations where material is presented in other than language context

with its built -in redundancy. On the other hand , one should be able

to degrade a disp lay (usually resulting in a monetary saving) further

when the purpose of the display is primarily the presentation of

contextual information . Consequentl y, such studies of single

al phanumeric leg ibility do not directl y translate to desi gn criteria

for the contextual situation .

It is generally conceded (Cornsweet , 1970) that stimuli of

different shapes will affect the contrast threshold of a human

observer. Therefore , it would seem log ical that while the previousl y

described research has its app lication , the data may not directl y

app l y to any of the other d i sp lay elemen t poin t shapes being used or

under c o n s i d e r a t i o n . We need a commo n denominator  for human

I 0 1 
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Sells I t I V 1 tv to the m at  i’i x di  sp lay  ut  i ml t . d u a l  pc’ i nt s oa’ dots C.!) 4.’h

.)It~’0t , ‘,~~‘1: pt€ ’J, c on s t  i t u t e  an a lp h a n u m e r i c  c h a r a c t e r .

To undertake a s tudy  i n v o l v i n g  t he  i n d ep e n d e n t  v a r i a b l e s  i n

S e c t i o n s  11 arid I ll , as w e l l  as o ther  p o i n t  shapes an d a v a l i d  measure

of con tex tua l i n f o r m a t i o n  transferred under each situation , would  be a

monumental task. Even if i t  were p o s s i b l e , i t  would  be u n t h i n k ab l e

that an additional effort mi ght be necessar every time a new display ed

e lement  po in t  shape became c o m m e r c i a l ly  a v a i l a b l e,  T h e r e f o r e , i t  i~

the purpose of this research to attempt to determine whether or •

pe rcep t ion  of m a t r i x  d isp lay  parameter s , such as poin t shape , p o in t

size , luminance , and point spac ing ,  can be predic ted  t h r o u g h  a v a i l a b l e

image quality model methods; and , concurrentl y, to find an unbiased

measure of the value of context to those displ .sy parameters.

Modulation Transfer Function (MTF)
of the Eye

Any lens , imaging system , or even a human eye can be described

by what has been termed the MTF. If , for examp le , one p l o t s  c y c l e s/

degree (spatial frequency) on the abscissa and modulation out/modulation

in ( r e f e r r i n g  to tha t  m o d u l a t i o n , or con t ras t , l eav ing  and en te r ing  the

system of concern) on the ordinate , most lenses and imaging systems

will be characterized by a monotonic function , the MTF , which falls off

at hi gher spatial frequency. This is a heuristicall y acceptable result ,

as most of us know that a television set or photographic camera will

not pass the smaller details (higher spa t i a l  f r equenc i e s )  of a scene as

well as it w ill pass larger details (lower spatial frequencies) .
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‘I’here are some assumpt ions (those of linear s~’st elli s a n a l  ys  i s ;

see Corn swee t  , 1970 , pp.  324-330)  i n v o l v e d  i n  order  to  be a b l e  to  use

the  t e rm MTF . h owever , in s i t u a t i o n s  where  t he  a s s u m p t i o n s  are  k n o w n

to be violated somewhat , the same function described above as an MTF

i s  c a l l e d  a “ d e s c r i b i n g  f u n c t i o n . ” By u s i n g  the  l a t t e r  t e r m i n o l o g y ,

we a re  onl y a d m i t t i n g  t h a t  t he re  i s  some error in the  l i n e a r  sys t ems

mode l .  Whether  we use the  t e rm MTF or d e s c r i b i ng  function , a transfer

function for tile human visua l system can be u s e f u l .

Such a transfer function can be plotted for the visual system

i f  we p resen t  a s i n e - w a v e  sp a t i a l  p a t t e r n  of 100~& m o d u l a t i o n  at H
various spatial frequencies , and somehow obtain the subjective

impression of that modulation . This method is analogous to that for

d e t e r m i n i n g  t i le  MTF of a lens or television system , but it is fraught

w i t h  p r o b l e m s  b y v i r t u e  of the fact that “modulation out” in this case

is subj ec tive. Therefore , a more popular and appropriate procedure

for determining spatial frequency sensitivit y has been that of threshold 3
measurement using standard psychophysical procedures (see Kling and

R i g g s , 1972)  - 
- I

When such threshold experiments are performed (e.g., Campbell

and Robson , 1968; Patel , 1966), the human visual system exhibits a

maximum sensitivity between 3 and 10 cycles/degree of visual angle.

There are other factors that will cause this threshold curve to change

shape , or shift sensitivity, but they are not of prime concern here.

Therefore , if we compare the power specturm of the displayed information

with human spatial frequency sensitivit y data , we should be able to

obtain an idea of the true distribution of frequencies and their
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pl’oces s i s sel L ’ lv a met hod of at t r i but  i rig cs n. Sc i gh t  t ~ i I 1( 54.- spa t  i a I

t i - e q l C I I I (l Cs which appear’ w ithi n  the nor- c’ sells it I \ e ~; .i t  i a l t r i _’queIlI.’y

lange at t he  e e  (S nyder , 1 ~l73 ) -
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The c r i t i c a l  parameters of any matrix display prohabi : include

d i s p l a y  l u m i n a n c e , l u m i n a n c e  c o n t r a s t  , dot Si ZC , Spac ing between dots

( p r o b a b l y  confounded w i t h  c h a r a c t e r  he i gh t ) ,  c h a r a c t e r  f o n t , c h a r a c t e r

m a t r i x  s i z e  (5 x 7, 7 x 9 , e t c . ) ,  r e f r e s h  r a t e , d i s p l a y  p e r s i s t e n c e ,

and d i sp l a y  c h r o m i n a n c e .  A l l  of t he se  mi g ht  a f f e c t  t he  d i sp l a y e d  power

spectrum . Due to present hardware and practical constraints , i t  i s  not

f e a s i b l e  to evaluate experimentally all factorial combinations of the

above v a r i a b l e s .  Therefore , some s e l e c t i o n s  were made for this first

exper imen t  on d e r i v i n g  a p red ic t ive  measure of image q u a l i t y .  A more

thorough approach will be presented in Section V .

Purpose of this Research

The first purpose of this research is to generate Fourier power

spectrum data for some of the alphanumeric classes used in matrix

disp lays , and to see if the resulting spatial frequenc y data hold any

s i g n i f i c a n c e  for human perceptual  s e n s i t i v i t y  ( s e n s i t i v i ty  da ta  for

these characters to come from the non-contextual portion of this

research)  - Should the Fourier power spectrum data prove predictive

of human performance , a possible means would exist of approaching

matrix display assessment without unnecessaril y extensive behaviora l

experimentation.
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t h e  sec and purpo se of  t i n s l’ ey e I l ’Ch  i s  t o  I m d  a rm u n b i a s e d  : L ’ ; I S u l ’ c’

at t h e  v a l u e  of c o n t ex t  to t ire m a t  r i x  d r sp 1a~ par anie tc’rs . I n d i s p u t a b ~~

t h e r e  i s  a bc- n e t  i t  to l e t t e r s  i c ing arranged i n t o  word  form , bu t  f u r t h e r

: m c I V : i i t t : m g e  or disadvanta ge nay be l e a  I i  :c-d wh en p h ra se  or s e n t e n c e

m e a n i n g  i n t e r a c t s  w i  th t h e  h u m a n  o b s er v e r ’ s back g round  or c -x p e ct a t  i o n s

i n  an~- g i v e n  s i t u a t i o n .  These i n t e r a c t i o n s  make  t h e  a c c u r a t e

a s se s smen t  of c o n t e x t  a d v a n t a g e  n e a r l y  i m p o s s i b l e , but  i t  i s  d e s i r a b l e

to t r y  to  make  such a measure m ent in  l i ght  of t h e  f ac t  tha t  i t  is an

obvious  des i gn concern . The i m p o r t a n c e  of t h i s  aspec t  of the  research

is to d e t e r m i n e  w h e t h e r  and to  wha t  e x t e n t  desi gn c r i t e r i a  can be

r e l a x e d  fo r  t h e  presentation of all contextual information.

A d m i t t e d l y , t he  above two areas of matrix dis p la y research are

not closel y related . However , the intention here i s  to be somewhat

broad in approach  in order to contribute to the direction of future

r e sea rch .

Method

.:hd~,jects. Six  paid subj ects  (3 ma le , 3 f e m a l e )  from the  U n i v e r s i ty

and communi ty population were screened for norma l color vision and near

and far  a c u i t y  (correc ted  to 20/20  or b e t t e r )  by u s i n g  a Bausch and

Lomb Orthorater. Subjects ranged in age from 20 to 28 years. Each

subject received 24 presentations under each of the 12 sets of

expe r imen ta l  c o n d i t i o n s , to be descr ibed be low .

Apparatus . The p r i n c ip a l  appara tus  cons i s t ed  of the sam e

Tek t ron ix  4014-1  d i s p l a y  t e r m i n a l  d r i v e n  b y t h c  Di g i t a l  Equipment

Corpo ra t ion  (DE C)  P1)1’ 11/ 10 m i n i c o m p u t e r , as w e l l  as t he  Mod e l  2400

photometer.
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I t t  t h i s  e x p e r i m e n t , t h e  h a r d w a r e - g e n e r a t e d  c h a r a c t e r s  i n h e r e n t

in the  t e r m i n a l  were used as opposed to character- s which could be

created in the manner described in Section III. Character hei ghts

were 2.6-I , 3.05, 4.79, and 5.44 mm.

These hardware characters (see Section II) are created from a

Read Onl y Memory (ROM) device which uses a constant and smaller amount

of the  t r a n s f e r  r a t e .  Ref resh  was accomp l i shed  by w r i t i n g  the

characters repeatedl y in the same location. Luminanc e was controlled

by software control of the beam intensity at levels of 8, 24 , and 66 cd/rn .

Contextual advantage. To evaluate the contextual effect on the

matrix disp lay parameters , the data collection portion of the experiment

was divided into two phases , anagrams and words ,

The anagram phase consisted of the tachistoscop ic presentation

of four-letter anagrams under all 12 combinations of three luminances

and four character sizes. Each of six subjects underwent 24 presenta-

tions under each of the 12 sets of conditions. The subjects were told

that in a particular trial they would view four tachistoscop ically

presented letters which have been generated randomly - The score for a

trial was accuracy, determined by the number of correctly recalled

letters in the correct locations. The arrangement of letters in the

anagrams was done carefully to avoid any vowel-consonant relationships

that ordinarily appear in Eng lish . Mewhort (1969) has noted that

pseudo-words are more perceptible than random letters. It w a s  not

expected that subjects would recognize the presented material as

anagrams. h owever , by n a t u r e  of the  f ac t  t h a t  the  l e t t e r s  w e r e

“r a n d o m l y  g e ne r a t e d  ,“ a s i n g le  such occu r r ence  shou ld  not h a v e  s u r p r i s e d
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the sub j  o ct .  Quest i o n i n g  subsequen t  to t h e  e xp e r i m e n t  i n d i c a t e d  t h a t

no sub j e c t  was aware  t h a t  t h e  fou r  l e t t e r s  w e r c -  s cr a m b l e d  w o r d s .

D u r i n g  the word  p hase , t h e  same s u b j e c t s  v i e w e d  t h e  u n s c r a m b l ed

words using the  exact  l e v e l s  of t he  v a r i a b l e s  under  which t b - j r

anagrams were presented . The subjects were told that in a parti cular

t r i a l  they  would  v i e w  fou r  t ac h i s t o s c o p i c a l l y - p r e s e r m t e d  l e t t e r s  i~h i c h

constitute a word . The score for  a t r i a l  w a s  the  same as  in  t h e

previous  phase .

The Thorndike and Lorge (1944) summary count of word frequency

was used to compi le  the  words for this phase. The material consisted

of 144 four-letter word s of hi gh usage (greater than 100 per m i l l i o n

words) , arid 144 four-letter words of lesser usage (less than 25 per

million words). Each subject received random presentations from each

of these two ca tegor ies  under each of the  12 sets of conditions ,

constrained such that 12 high- and 12 low-usage words occurred under

each condi t ion . The 288 words selected were viewed by all subjects ,

as words and anagrams; but , due to the random presentation , the order

was d i f f e r e n t  for a l l  sub jec t s .  H a l f  of the subjects viewed the

anagrams first ; half viewed the words first. Word s and their anagram

equivalents are given in Appendix B.

The score that was used to evaluate the context advantage was

the mean word score minus the mean anagram score for each subject

under each condition. This approach insured , as nearl y as possible ,

that the difference in score between the words and anagrams was a

result of context onl y.
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ca’ .’ ti c t .  Sub j c’ct s V c -w ed t Iic- d i  sp l t m ~ m m )  a Wi r k e i r c - d

room w i t h o u t  t i r e  b e n e f i t  o f  a i r ’, f i l t e r -  over ’  t i r e  dis pl a y s o r i . m c c .  J i l L ’

d a rkened  room p r e v e n ted  g l a r e  and r e f l e c t i on  w h i c h  would otheri, Sc be

p r e s e n t  when the filter is absent . \ic - w in g distance was  a p p r o x i m a t e l y

0.6 1 m , s i nce  most i n d i v i d u a l s  f i n d  t h i s  to be t h e  p r e f e r r e d  d i s t a n c e

for comfortable operation of this type of console.

M a t e r i a l  was p resen ted  t a c h i s t o s c op i c a l l y .  Exposure  t i m e  was

set at 16.7 ms by a p i lo t  stud y I’ r io r  to c o n d u c t i n g  t he  e x p e r i m e n t .

This time was the shortest obtainable given the present hardware

system confi guration . The brief presentation was used to hold constant

the  i n f o r m a t i o n  e n t e r i n g  the  eye . I t  was not d e s i r a b l e  to s tudy

mechanisms such as s u b - v o c a l i z a t i o n  or con t i nued  eye s c a n n i n g  w h i c h

p lay roles in visua l pe rcep t ion .  Therefore , it was felt that

tachistoscop ic presentation was the most appropr ia te  method for

attaining the goals of this research.

Fourier analysis. The manner in w h i c h  the  s p a t i a l  frequency

spectra can be determined for an al phanumeric character is not at all

strai gh t fo rward . Therefore , t h i s  first look at spatial sensi t iv it y

should be considered e lementary .

A c i r c u l a r  scanning  aper ture  (50 micron) and slit scanning

device (25 x 2500 microns) were used in both t he  hor i : on t aj  and v e r t i c a l

d i r e c t i o n  to measure a l i n e  of dots for each of the  four cha rac t e r

sizes at all three luminance levels (total 48). Computerized

Fourier analysis of these scans yielded a vertical and a horizontal

power spectrum for each of the apertures at each character si:e and

l u m i n a n c e .  A 2 . 5 X  o b j e c t i v e  lens was used to make the  d i sp l ay  p lane
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diam eter fur the circular aperture 2 (1 microns. A 2. a.\ Oi)jCCt ice len s

was  used w i t h  t he  s l i t  ap e r t u r e .

‘l’he slit aperture scans were made by positioning the photometer

eyepiece slit aperture parall el to the row of dots to be scanned .

The luminance data from the photometer were recorded on an X ,Y plotter

as the scanning eyepiece was moved across the row of dots. The

circular aperture scans were made in similar fashion , except that the

aperture was moved through the center of sequential dots.

Procedure. Prior to beginning, each subject underwent a set of

12 t r a i n i n g  t r i a l s  to acquaint h im/her  with the equipment and tasks to

be performed . These trials allowed practice of responses until the

subject felt comfortable enough to begin. The practice trials were

offered prior to each additional session for those who felt a need

for it.

At the beg inning of a trial , the subject viewed the fixation

box and instructions shown previousl y. By pressing the space bar ,

t he subjec t  cau sed a presen tat ion to occur i n the cente r of the

fixation box (Ripley, 1975). The presentation followed the space bar

a c t i v i a t i o n  by approximately one second . I m m e d i a t e l y  f o l l o w i n g

disa pp ea r ance of the f ou r le t ter s , a number of random min ipoin ts  were

a c t i v a t ed w i t h i n th e area whe re th e le t ters  h ad bee n ( R i p ley ,  1 97 5 ) .

This action insured that residual phosphor discharge did not contribute

any information after the presentation . This “stardusting ” was done

at just above the storage level of the CR1 and was not noticed by any

subjects.
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A f t e r  t he  px ’o senta t  ion and “stardust ing, ” instruct ions ap~)eared

for entering and verif ying the response. By conducting a trial in

this manner , the subject had control over the flash which was required

to clear the screen. The flash was intense and irritatin g, but its

effects were minimi:ed by permitting the subject to look away or close

his/her eyes.

As a subject responded , the comp lete trial data were recorded

on hard copy generated by the TTY . At the same time , appropriate

values were stored in the computer for subsequent data analysis.

Experimental design. The expe r imen ta l  desi gn for both anagrams

and words is factorial with all six subjects receiving every level of

the four character sizes and three luminance l evels . When anal yzing

context advantage , the data were the differences between the mean word

and mean anagram scores .

Althoug h there are two levels of point size , each with two levels

of point spacings , this designation was not used . The nested

r e l a t io it sh ip  between these two variables makes the eva lua t ion  of an

interaction term inappropriate. Therefore , four levels of character

size (C) were in i t i a l ly used as the independent var iable .

Fo r data anal ysis purposes , cha racter s s i ze  (C) and lumin anc e (L)

we re both considered random var iables .

Results

Context assessment. Separate anal yses of variance were performed

on word , anagram , and difference-score data. The results of those

analyses are shown in Tables 22 , 23 , and 21 , respectivel y .

1 1  1)
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TABLE 22 . Ana lysis of Variance Summary for Word Scores

Source of V~z p 1 ~ince df MS F

Charac te r S ize  (C) 3 0.350405 1 3 7 a

Luminance  (L) 2 0 .093774

Subjects (5) 5 0 . 2 3 2 2 7 2

C x L 6 0.042366 298
c

L x s 10 0 034399

C ~ S 15 0.0569 25
C x ), x s 30 0.014202

Total 71

MS MSa 
- 

C 
d - 

b 
- 

L
- 

MSCL 
+ MScs - MScts 

‘ 
- 

‘ - - 
MScL + MSLS 

- MSCLS

c 
< .025 .

TABLE 23. Ana l y s i s  of Var iance Summary fo r Anagram Scor es

Source of Variance df MS F

Character  Size (C) 3 0 .76 1606 6 7 6 a ,d

Luminance (Es) 2 0.475573 630b ,c

Subjects (S) 5 0.831693

C X L 6 0.06106 1 3 . l9 c

L x S 10 0.033618
C x 5 15 0.070673

C X L x S  30 0.019 144

Total 71

MS MSa 
- 

C d~~- 13 b 
- 

L
- 

MSCL 
+ MSC5 

- MSCLs 
‘ ~ 

- 
‘ - - 

MSCL 
+ 

~ Ls - MS CLS 
‘ 

~~ 

= 
‘ -

< . 025 .  d~ < .0 1.

l i i
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21 .  Ana l ysis of Variance Summary for l i i  I t c - r e r i c e  S co r e s

- -au~~~’e 0] l’~n t~zot~e 1J .‘~~ 

,

Character Size (C) 3 0 . 2 ~~~6 1 l

L u m i n a n c e (L) 2 0 . 1 7 ( 1- 12 8  1

Sub jec t s  (5) 5 0. 2608 79
x L 6 0.07089 1 3 .83 c

L x S 10 0 ,048582

C x S 15 0.078434
C x 

~ , x 5 30 0.0 18509

Total  71

MS MSa 
- 

C d f - b 
- 

LF - MSCL + MSCS 
- MS CLS 

- 3 , 14. F - 
+ 

~
1sL5 S . : ‘

< .01.

Only the character size by luminance interaction was significant for

the number of correct le t te rs  recognized in the word presentation. The

significance was further evaluated by simple-effect F-tests. These

comparisons showed that the variation among luminance levels is

si gni f ica nt for the 3.05 mm size (F = 6.66 , p < .005) and for the 2.64 rain

size (F = 5.79 , p < .0 1) ,  and that  v a r i a t i o n  among the size levels is

significant only at 8 cd/rn2 (F = 11,22 , p < .001). As show-n in Fi gure 36 ,

luminance is critical at onl y the two smaller character sizes; conversely ,

character size becomes significant only when luminance drops as low as

the 8 cd/rn2 level.

Ncwman-Keuls multiple comparison tests (Myers , 1972) were emp loyed

throughout  to determine s i g n i f i c a n t  differences among the means of those

simple effects prev i ously found si g n i f i c a n t . B y this method , the mean
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d i f f e ren ces between 8 amid 66 cd/m and between 24 and 8 cd/m were

si gn i f i c a n t  for 3.05 mm l e t t e r s  (p < . 0 1 ) .  The onl y si g n i f i c a n t

d i f fe rences  among the luminance  means for 2 .64 ram were those between

8 and e i the r  24 or 66 cd/n 2 (p < .05) . At 8 cd/n 2 , 2 .64  and 3.05 mm

are si gn i f i ca n t l y  d i f f e r e n t  from 4 .79  and 5 .44 mm (p < . 0 1 ) .

The anag r am scores y ielded si g n i f i c a nt d i f f e rences  for C, L , and

the C x L in t e rac t ion (Table 23). The luminance main effect (Figure 47)

was further analyzed by the Newman-Keuls test , which showed that the

266 cd/m’ mean is significantly greater than 24 or 8 cd/rn (p < .05) ,

and that 24 and 8 cd/rn2 did not differ significantl y (p > .05) .

The si gn i f ica nt C mai n ef fect  is du e to sign i f i c a n t  di ff erences

between 4 .79  and 2.64 mm (p < . 0 1 ) ,  5 .44  and 2 .64  mm (p < .0 5) ,  4 . 7 9  and

3.05 mm (p < .05) , and 5.44 and 3.05 miii (p < .65), as illustrated in

Figure 48.

In a manner s imi la r  to the word-score a n a l y s i s , the si g n i f i c a n t

~ L in t er ac t ion (Fi gur e 4~ ) was further broken down into simple effect

tests which indicated that luminance was important at 3.05 mm (F = 4 . 9 2 ,

p < .025), and at 2 6 4  mm (F = 24 .32 , p < .00 1) .  At 3.05 mm , 66 - 8 cd/m ~’

was foun d to be si gnif icant  (p < .05) , as were 66 - 8 cd/rn 2 (p < .0 1) and

8 - 24 cd/rn 2 (p < .0 1) at 2 .64  mm .

While size at 8 cd/rn 2 produced the largest F value (F = 26.25 ,

p < .001) , size at 24 cd/rn 2 (F = 12.71 , p < .001) ,  and size at 66 cd/ rn 2

(F = 7 . 2 0 , p < .001) were also hi ghl y si gnif icant . The eva lua t ion  of C

at three levels of L revealed that  2 .64  and 3.05 arm were significantl y

d i f f e r en t  from 4 . 7 9  and 5.44 mm (p < .01) at the lowest  level  of

luminance , 8 cd/rn 2 ; 2.64 and 3.05 mm were si gnifican tly different from

1 1-1
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- L 7 9  and ~ . -J-J  miii (1- < .01 for all but 5 .1-1 — 3. 1)5 111111, 1 ‘ . 1) 5) m t

2 2  c d / m ; 5 . 4 4  am i d 4 .79 mm were  b o t h  si g r r i  f i c a r i t ly  d i  ffem ’ent f r o m

3.05 mm (p < .01) at 66 cd/rn2.

The difference score data produced a si gnifican t C L interaction

(Table 24 and Figure 50), which leads to the simple-effect conclusion

that luminance is an important contributor to the difference between

words and letters onl y at a character size 2.64 mm (F = 16.90, p < .001).

2 . - .The Newman-Keuls test showed 24 and 8 cd/rn to be significantly

different from 66 cd/rn2 (p < .01) for 2.64 mm letters .

Agai n , the effect of size was significant at 8 cd/rn
2 

(F = 5.39,

p < .005), 24 cd/rn
2 (F = 12.02 , p < .001), and 66 cd/rn

2 (F = 6.38,

p < .005), but the nature of the size effect varied with the luminance

level (Figure 50). At 8 cd/n , 2 .64 - 5.44 rnm (p < .05), 2.64 - 4 .79 mm

(p < .01), and 3.05 - 4.79 mm (p < .05) proved si gn i f i can t . At 24 cd/in2,

2.64 and 3.05 miii are both significantly different from 4.79 mm (p < .01).

5.44 - 4.79 mm (p < .05) is also significant at 8 cd/rn
2
, but at a lesser

level of confidence , and 2.64 mm is significantly different from both

5.44 mm (p < .01) and 3.05 mm (p < .05). However , at the hi ghest

luminance , 3.05 mm deviated significantl y from all other levels of

character size (p < .01).

Spatial frequency analysis. Probably the most i nv es t igated and

validated approach to obtaining a perceptual sensitivity measurement

based upon power spectrum and human threshold data is through the concept

of the modulation transfer function area (MTFA) (Snyder , 1973). MTFA is

simply the area between the modulation transfer function (MTF) or power
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sp e c t r um  of an imaging system arid t h e  emp i r i c a l  1 y determined threshold

d e t e c t a b i l i t y  c u r v e  of the  human o b s e r v e r  ( F i gu re  5 1)  . I n  t h i s  t v ( I C

of a n a ly s i s , pe rcep t i o n  or the quality of the image is c o r r e l a t e d  w i t h

the area between the two curves.

The scan data were converted for computerized Fourier anal ysis

and subsequent area calculations , assuming a con t in uous f u n c t i o n  of

the s p a t i a l  f r equency  spec t rum.  A t h r e s h o l d  d e t e c t a b i l i t y  cu rve  was

ap proximated for app l icat ion in these ca l cu l a t ion s from da ta of

Campbell and Robson (1968). Area calculation was performed according

to the common trapezoidal rule , and printed in the program o u t p u t .

Since the eye typ ically responds in proportion to the logarithm of

energy imping ing upon it (Graham , 1966), these data were calculated

for both logarithmic and linear units. In the linear calculation ,

units of the abscissa were cycles/deg (of spacial frequency) ; units

of the ordinate were percent (modulation) - The logarithmic calculation

was accomp l i shed  by t r ans forming  l inear  X and Y values  to log
10 p r i o r

to area calculations.

Regardless of whether or not such area ca lcu la t ions  co r r e l a t e

with the perception of words , it was deemed inappropriate to use the

wo rd scores.  As evidenced b y ear l ier  resul ts , the presenta t ion of

four random letters resulted in poorer performance than that obtained

when those same letters at the same levels of character size and

luminance were presented as words. Obviousl y, the spatial frequency

of an individual letter was t he same in each case. Therefore , the

correlations presented here are with mean anagram scores (to elimina te

c o n t e x t u a l  e f f e c t s )  t a k e n  ac ros s  all subjects ( r e s u l t i n g  i n  -1 - ~ 31 =

12 m e a n s ) .
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.- \tte r iip ts to c o r r e l a t e  t h e  nrean transf er- furrct ion ai-ea , f u r  a

p a r t  icula r - 
~~
‘ — L c o r r i b i n a t  ion , w i t h  t i r e  nrea n a n a g r a m  scor - e for  that

c o m b i n a t i o n  were relativel y unsuccessful. Fi gures  32 , 53 51 , arid 55

show the p l o t t e d  values and the li n ear regression best-fit line using

t he  t r a n s f e r  f u n c t i o n  area  as d e s c r i b e d  above .

Carefu l r e f l e c t i o n  y i e l d s  a possible reason for the absence of

hi gher  c o r r e l a t i o n .  By s c a n n i ng  the  l e t t e r s  in the manner described

above , we have developed data for the individual point (or dot)

con tained i n the 7 x 9 matrix , but not for the relative ~~nount of that

spatial frequency information contained in each letter. Therefore , to

wei ght the spectral power for the amount of such power per character ,

the vertical angular subtenses of the four character sizes were

multi p lied by the area previously obtained . Revised plots based on

this conc ept are shown in Fi gures 56 , 5’, 58, and 50, respectivel y.

As shown in these plots , the prediction of anagram letters is

predicted well by both slit (r = 0.61) and circular aperture spectra

(r = 0.72) on linear scales , and even better on log-log scales

(r = 0.82 arid 0.81 , respectivel y).

Discussion

Evaluation of context advantage. The effects of luminance and

charac te r  s i z e  are much as expected . In the anagram portion of the

experiment , in which the letters are noncontextual and relate to such

tasks as recognizing map coordinates or symbols , recognition of letters

i~ affected strong l y by luminance when the letters subtend 17 miii or

less (2. 112 and 3.05 mm) . At character sizes of 27 miii and abov e

( 1  . 9  arid 3. I I  mm) , l um i n a n c e  p l a y s  a less important role. Thus , an

I 1 9
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~irerr t t r a d e — o f f  bet  w’ ecni 1 urn i m ince  and e r a  rae t er si :e cx i st s a r id

i s  b r a c k e t e d  i r a  t h e  d a t a  - E x t  rapolat ion frorir these data should be

possible to s i t u a t i o n s  in w h i c h  t h e  disp l ay ed a l phanum eric material

i s  riot of a c o n t e x t u a l form , t h e  ac c ornm nod at  ion of the  v iew ’c ’ r ’ s eye

is a p p r o x i m a t e ly  the same as that used here , and sym bol context is

s i m i l a r  to the c o n t r a s t  used he re .

Comparisons of si gnifican t main effects and interactions from

the Section II data and those of the anagram data in this stud y’ are

f a v o r a b l e .  In Sec t ion  I I , i t  was shown tha t  the  c h a r a c t e r  s i z e  b y

luminance i n t e r a c t i o n  was significant , with the largest degradation

in recognition of sing le alphanumeric characters coming at the s m a l l

letter sizes (17 m m )  when modulation i~as less than 0.78. Data taken

in the anagram portion of this stud y indicate that modulation values

of 0.75 or less are adversel y’ affected by character sizes subtending

17 miii or less. In Section II , it was also reported that the same

general difference in performance existed between characters

subtend i n g 17 mm and those subtending 27 m m .  This result supports

the hypothesis that the anagram letter arrangements essentiall y’

represent noncontextua l ma te r i a l  to the  subj ects.

The three levels of luminance resulted in modulations of

a p p r o x i m a t e l y 0.38 , 0 .7 5 , a nd 0 .90 .  Consequentl y ,  the findings of

Howell and Kraft (1959) , discussed  ea r l i e r , are also consistent with

the results from the anagram task.

A s antici pated , the presentation of words sustained performance

over “,L l e v e l s  where  d e g r a d a t i o n  had been noted with anagrams .

R e f e r r i n g  to Fi gure  ~~~~~~ i t  i s  c l e a r  t h a t  the (word-anagram)  d i f f e r e n c e
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score was pus i t iv e for’ i 1 1  1 2 - 
, 

- comb i n a t  ions , and si gn i i f i ca l ) t  1 y

gm - e a t e r  t h a n  :ero ~ = 39; if = 11 ;  p < . 0 0 1 ) .  Thus , i t  can be

conc luded  that t h e  p r e s e n t a t i o n  of l e t t e r s  in  a word c o n t e x t  w i l l

improve performance over unrelated letter presentations . Further ,

comparing Fi gure -16 with Fi gure 49 , i t  is apparent that modulations

of 0.75 (21 cd/m ) will obliterate the adverse effects of decreasing

cha rac t e r  s i z e  at least as well as 0.90 modulation (66 cd/n2) does for

noncontextual material. At a modulation of 0.38 (8 cd/rn2) or less ,

the beneficial effects of a character size greater than 17 mm will

become of si gnificance to the desi gner of contextual disp lays .

The difference-score data are generally consistent with the

expectations indicated previousl y. As character size decreases ,

the d i f f e rence scores become la rger ;  that  is , wo rds are providing

the greatest advantage at the smaller character sizes. The hi ghest

level of luminance compensates for reduced character size and thus

keeps the anagram scores high enough to d iminish this difference at

the smallest angular subtense.

While it is felt that the experimental procedure and results

have been fruitful , it would have been desirable to shorten the

tachistoscopic presentation time . The performance for all subjects

under the word presenta t ions  was close enoug h to the maximu m poss ib le

score that  t he true shape of the cha rac t e r - s i z e -by - luminance  response

surface for words may be somewhat obscured . If the word-score range

were a t tenuated in t h i s  manner , t h e di ff er ence sco r es wou ld be of

doubtful meaning . For that reason , less reliance has been placed on

the difference-score analysis than was ori ginally intended .
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Eva lu ation ~J ’ t ;~~ u~ ut-Lol ~~~~~ 
5 4 1 ’n ~’2 an~ lysis. Due to a l a c k

of l i t e r a t u r e  concerning spatial frequency anal ysis of di~,crete

c h a r a c t e r s  such as l e t t e r s , t he  approac h  used in t h i s  r .s e a r c h  was

selected largel y due to compatibility with previous research in this

laboratory on continuous images. The concepts of spatial frequency’

anal ysis are readil y app lied to the point confi gurations , but the

spatial frequency constituted by the letter s i z e  and fon t  is not as

easil y handled . Proceeding in a sequential , and hopefully log ical

manner , an attempt was made to correlate just those spatial frequencies

obtained from the power spectra of individual points.

It is antici pated that innovative scanning methods , a more

relevant Fourier anal ysis technique , or some combination of these

two , would better predict dot-matrix sensitiviLy. This is investi gated

in Sections V . VI , and I X .

Conclusions

While it was demonstrated that the spatial frequency’ of individual

dot-matr ix  cel ls  doe s not cons t i tu te  the basis  for performance

predict ion whe n take n alo n e , it is f easible to predict i n t e l l i g i b i l i t y

of noncontextual letters through ex is t ing  Fourier methods.  This

predict ion can be made b y means of photomet r ic scans of the indi v id u al

point confi gura t ions .  Correla t ions  above r = 0.80 can be expected for

those analyses which utilize weighted log-log transfer function area as

a predictor . The choice of ve r t i ca l  angu lar  subtense as a wei ghting

factor is not ideal , but it demonstrates one approach which mi ght be

developed to provide a hi gher degree of prediction.

1 26
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It was aI~ u shown that the performriance increment experienced

with the u’e of lette r’s in context is more critical at diminishing

character size and luminance than under more favorable vi ewin g

conditions. With noricontextual material , a modulation in excess of

0.90 is required to cancel the degraded performance encountered with

charac ters which subtend 15 mm to 17 m m .  Uowever , with letters used

in context , modulations of 0.75 will serve to maintain performance with

letters subtending 15 mm at a level not significantly different from

letters subtending 31 m m .
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V - ORFI) 1 (21 1 ON OF I N FORMA L I ON T R A N S I :E R  I’ R ( ) (

SIMULATIjI) SOL 11) STAIN 1)1 SPI,AYS

Introduction

E a r l i e r  s ec t ions  of t h i s  report  have summar ized  t he  e f f e c t s  of

various dot-matrix desi gn variables upon operator performance. Cle:ir l ,

one might perform a very large number of such experiments to generate

a catalog of such relationshi ps from which one could deduce likel y’

predictions for still undeveloped display desi gns . Such an approach

is unsatisfactory, however , in that i t  is i n d u c t i v e  in na tu re , never

combining together all available information in a usefu l , quantita-

tive , predictive model or expression .

Snyder (1973) has demonstrated the utility- of a unitary metri c

concept of image quality. With such a unitary metric , that varies

predictably with the critical design variables and also validl y-

predicts operator performance , one can estimate performance to be

obtained with futuristic design concepts prior to their fabrication .

In this and the next section of this report , we shall present the

results of two further experiments designed to produce predictive

equations of information transfer . In that they consider a wide

variety of design variables , they are more comprehensive than the

study presented in Section IV.

The object ive of the research described in  t h i s  section is  to

utilize m u l t i p le s tepwis e r eg r ess ion tech n iques to der ive  p r e d i c t i v e

equat i ons which re l i ab l y predict  observer performance on r ep resen ta t ive
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t a— ~k s w i t h  dot —mat r i  .\ di sp 1 avs . lire d i s p l a y ’  p a r a m e t e r s  used iii these

predict I ye equat i uris  a r e  o b t a i n e d  b y’ Fourie r’ a n a l y s i s  of n i c r op h o t o —

m r r e t r i c  scans of each c o m b i n a t i o n  of e x p e r i m m i e r i t a l  v a r i a b l e s .

I n  addition to  d e v e l o p ing  a quantitative relationshi p between

dot-matrix parameter’s and observer performance , this research refines

the methodology of scanning microphotometry and Fourier analysis of

samp l ed intensity distributions. Both the experimental results and

the refinements in methodology thereby add to the body of useful

literature concerning dot-matrix display’ synibology .

Method

This study was done in two conti guous segments. The first

ex per imenta l  phase y ielded observer pe rformance and photometr ic  data

from which predictive metrics for three separate tasks were obtained .

The second phase of this research attempted to provide some degree

of predictive validity for the metrics obtained in the previous segment .

Each phase of the research constitutes a distinct experimental effort.

However , both phases of the experiment utilized common equipment ,

procedures , and experimental measures.

Experimental design. Since a predictive function should be

f a i r l y genera l izab le  to many types of displays , a r a the r wide ra nge of

wi th in -charac te r  parameters was used in the f i r s t  experimental phase.

A com ple te l y factor ial desi gn in which th ree shapes , t hree center-to-

center dot spacings , th r ee dot si z es , and two levels  of luminance

contrast  were combined was employed for th i s  stage of the research.

The actua l l eve l s  of these var iab les  are reported in Section I I I .

I 21)
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For t h e  v e r i f i c a t  ion phase of’ tire r’e—~earch , t h ree d i sp l ays

built by commercial manufacturers were s i m u l a t e d  i n  as much  d e t a i l

as p o s s i b l e .  The t h r ee  d i s p l a y s  chosen were  the  Burrough ’ s “SELF-SCAN 11 , ”

the Owe n s - I l l i n o i s  “ DI GIVUE , ” and the  prototyp e W e s t i n g house “TFT ”

(thin-film transistor) . Due to l i m i t a t i o n s  imposed b y the  T e k t r o n i x

4014-1 disp lay wh ich  was used in t h i s  research , i t  was not poss ib l e  to

s i m u l a t e  the  ac tua l  s i ze  of the  d i sp lay  e l emen t s  for  the  d i s p l a y s

men t ioned abov e. According l y,  the s izes  of the  dots which comprise

these dis plays  were scaled up to a l l o w  shape d e f i n i t i o n , and the v i e w i n g

d i s t ance  was l engthened ap pr opr i a t e l y .  Thus , in t h i s  phase  of t he

experiment , the DIGIVUE simulation was viewed from 204 cm , while the

SELF-SCAN and TFT were viewed from 102 cm. It should be noted that all

disp lays used in the initial phase (Section III) were viewed from

102 cm.

Wi th minor excep t ions , the performance data collection procedure

for the ve r i f i ca t i on  phase was ident ica l  to the i n i t i a l  experimental

stage. It has al read y b een noted that  the v i e w i n g  d is tance  for the

DIGIVUE was greater  than that  used in the  i n i t i a l  exper iment . The

headrest used to f i x  viewing dista nce was d i f f i c u l t  to move the

required extra 102 cm. This forced the experiment to be blo cked by

disp la y type.  Subjects were randoml y assigned wi t hin these b locks .

The block number was assigned on a first-come-first-served basis and

was thus dependent upon the sub jec t ’ s scheduled run da te .  Only  one

level of ambient  i l l u m i n a n c e , 5 .4  lx , was used for a l l  d i sp l a y - m a t r i x

size combinations.
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A l l  the  c h a r a c te r s  used i n  t he  i n i t i a l  p has i-  of t i r e  r e s e a r c h

w e r e  c o mp r i s e d  at  a dot m a t r i x  w h i c h  was  5 dots w i d e  and 7 dots h i g h .

In  the  v e r i f i c a t i o n  pha se , m a t r i x  si:e was t h e  o the r  independen t

v a r i a b l e .  The three s i zes  used were 5 ~ 7, 7 x 9 , and 9 11. The

comp le te  e x p e r i m e n t a l  desi gn for the v e r i f i c a t i o n  exper iment  is shown

in Fi gure 60. The fo nt was constant  throughout  the experiment  and

was based on our study’ of 5 x 7 d o t - m a t r i x  fonts , as reported in

Section V II. For the larger matrix sizes , the  5 X 7 font  was scaled

up as necessary due to the availability of more dots per character , but

the general font “sty l e ” remained unchanged . All disp lay type and

m a t r i x  s i ze  c o m b i n a t i o n s  are shown in  Fi gures 61 through 69.

Observer tasks. The actual performance data collection procedure

and anal ysis  of r e su l t s  for the f i r s t  phase of the exper iment  were

described in de ta i l  in Section I I I .  However , it is wor thwhi le  to note

a g a i n  the  response measures  which  comprised the performance data for

t h i s  stud y,  s ince both phases of the  experiment u t i l i z e d  the same

three  measures .  These measures were (1) d i f f e r e n t i a l  reading speed ,

( 2 )  t i m e  to locate the target  in a s t ructured search , and (3) t ime to

locate the target in a random , unstructured search . These three

measures (o r tasks)  ar e repr esen ta t i v e of t h e t ypes of act iv i t ies

engaged in by actua l users of computer-generated d isp lays .

Apparatus . The actual  shapes , si zes , and spaci ngs of the si mu l a t ed

disp lay elements for the verification study are indicated in Figure 70.

The shapes are shown as stra i ght-edged geome tric f i gures for purposes

of c l a r i t y .  I t  mus t  he no t ed , however , t h a t  t h e  T e k t r o n i x  d i s p lay  upon

13 1
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w h i c h  exper  i m r r e i r t a l  p r e s e n t a t i o n s  were made i s  s u b j e c t  to S l i ght

b l o o m i n g ,  w h i c h  tend s to round the  ed ges and al ter the orientation,

The shapes shown ar’e the approximate shapes of what will be referred

to as “dots ” in t h i s  s t u d y .

All photometric measurements for this research were done with

a Gamma Scientific Model 2400 Digital Photometer .  Scanning across

sections of the CRT was accomp lished by having the computer engage

and d isengage  a scanning eyepiece d r ive  made by Gamma S c i e n t i f i c .

Prior to a l l  measurements , the photometer was c a l i b r a t e d  to

100 foot-Lamberts  (343 cd/rn 2 ) wi th  a Gamma Sc i e n t i f i c  Model 220

Sta ndard Lamp Source. The Tektronix 4014-1 disp lay  ha s been

previousl y desc ribed .

Photometry . The method used to acquire photo metr ic  data was

identica l for both phases of this research. Since the purpose of this

ent i re  stud y is to re la te  quan t i t a t ive, i . e . ,  photometr ic , i n f o r m a t i o n

to observer performance , the photometr ic  procedure w i l l  be described

in som e d e t a i l .

The main pieces of the photometer are the eyepiece , where all

focusing , mag n i f i c a t i on , and scanning take  p lace;  the photo mn ul t i p l i e r

(PM) tube , which is connected to the eyep iece by a f iber  opt ic  cable ;

and the d ig i t al  readou t unit , which is e l e c t r i c a l l y  connected to the

PM tube.

The eyepiece used in th i s  research was a scanning type wi th  a

sl it input s tage.  The s l i t  in tegra tes  i n t e n s i t y  over i ts  area much

as the  human eye does.  This  s l i t  i s  o r i e n t e d  p e r p e n di c u l a r  to the

d i r e c t ion of scan and is a p p r o x i m a t e l y 2S m i c r o n s  w i d e  by - 2500 m i c r o n s

I 35
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l ong .  ‘I’he scanning eyepiece moves the  s l i t  input  stage 10 mm in  the

image plane. ‘l’he corresponding dis tance in the object plane (display

f a c e )  depend s on the magn i f i ca t ion  of the objec t ive  lens used . Al l

scans fo r t h i s  research were done w i t h  a nominal  lx ob jec t ive ,

th ereb y a c h i e v i n g  10 mm long scans in the  obj ect (CRT) space.

Af t e r  ca l ib ra t ion  of the photometer by the 100 f t -L  source ,

all computer connections were made and checked . In addition to

the th ree main photometer components , several other pieces of equipment

had to be added to a l low computer contro l and acquisit ion capabi l i ty .

Al l  t hese components and in terconnect ions  are shown schematical l y in

Fi gure 71 ,

F rom the  di g ital r eadout un it , th e condi t ioned PM signal was

routed through an operational amp li f ie r .  This amp l i f i e r changes the

un ipola r output of the photometer to a bi pola r ( ±5 vo l t s )  s ignal

which is compat ible  wi th  the analog front end (LPS- 1l)  of the computer .

A power supply was used in place of bat ter ies  for the scanning motor .

This power supply vol tage  was routed through a relay which was

co nt ro lled  by the com puter . A vol tage was also taken from this  power

supply to signa l the computer program that  a scan should be taken.

Whe n a “go ” signal was sent to the computer , the scanning drive

relay was closed for exactly 60 s. The voltage of the power supp ly

was set so that the scanning s l i t  traversed 10 ±0.05 mm in that  60-s

period , dur ing which the analog front end of the computer was sampling

the out pu t of th e photomete r ( th roug h the  operat ional amp l i f i e r ) .

This  samp l i n g  was done at a f requency of 100 lIz and the  data were

s tored  on m a g n e t i c  t ape .  At the  end of a scan , a f i l e  c o n t a i n i n g

131)
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(1)161 data Ito i ri t S taken at i’ou;I 1 1 v spaced jot i’m’ ~ a ls in t imne am id space

i-Ni sted on magni-t ii ’ tape .

Such a scan ~as taken both Vi-i’ t  i c a l  l y and hon :onta 1 l y t’ox’ i’verv

si  :e , shape , s p a c i n g , and i i  lunu nance  combination used in lioth phases

of t h i s  ‘research - hEat the e\ ’ i p i  ccc a c t u a l  l~ - scan ned wa s  a row- (or

colu im rm i) of dots (pseudopoints) from each experimental condition . ‘l’hus ,

for t h e  f i r s t  pSase t he r e  were  104 scans  r equ i red , and for  t he  second

phase there were  6 scans .

AnaZ ys is  of  p hotome tr-ic c~a t a .  I t was noted previously - that the

pr imary  q u a n t i t i e s  of i n t e r e s t  are r e l a t ed  to the  s p a t i a l  f r e q uency

and intensity’ content of the disp l ay . The photometric scans described

in the l a s t  sect ion produce f i l e s  on m a g n e t i c  tape w h i c h  c o n t a i n  the

conver ted  luminance  va lues  at c e r t a i n  d i s c r e t e  p o i n t s  on the  d i s p l a y ,

The method used to a n a ly z e  t he  sp a t i a l  f requency’  con ten t  of these  s c a n s

was numerical Fourier analysis. The IBM routine FORIT was used to

c a l c u l a t e  a g iven  number of Fourier coefficients for any’ scan (FORTT ,

1970). This routine assumes that the input to it is a tabulated

p e r i o d i c  f u n c t i o n  w ith an integra l number of cy’cies in an a r r a y .  The

requiremen t of integral cy-cle input mandated the use of an optimization

rou tine to select the correct number of poin ts as input to FORIT.

The optimi: ation routine developed for this research was

nec e s s am -v  because few , i f  any , actual pho tome t r i c  scans conta ined an

exac t  i n t e g r a l number  of c y c l e s  of p e r i o d i c  dot i n f o r m a t i o n .  I t  was

not p r a c t i c a l , due to  t h e  amo um nt  of t i m e  requ i red , to s i m p l y  d e l e t e

one point at a time until an i n t e g r a l  c y c l e  p o i n t  was located . A f l o w

chart of t h i s  optimization routine is shown in Figure 72.

I l l
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I t  can be seen that the cl - i tex ’l orm u--ed for -- eu m ’ i’h d i  ri-ct r o l l

r- t -v i -r s a  l s  w a s  t h e  m m m o d u l a t  i on  ot the tu i rda m n e ir t a 1 spat m a 1 tr’ equencv ii

i n t e r e s t  . I t  has been shown t h a t  t h e  irmodu lot ion ~ 1 arm s sp a t  j u l

f r equency  can be c a l c u l a t e d  as t h e  power at t ira t t’ri’qui-ncy d i . id ed

by t h e  average  i n t e n s i t y  of the scan (Keesee , 10 ’S). I ’her e arc twa

assumpt i ons made in this optimization routine. I- irst , at least t w o

cycles of the function must be present in the scan. This is necessary

because the search rou t ine can onl y el iminate points from the scan ,

not add points to it. If fewer than two cycles were present , it is

probable that the routine in its present form would attempt to optimi:e

at zero cyc les .  Second , the  o p t i m i z a t i o n  procedure assumes t h a t  a

local maximum is also the  g lobal max imum.  This  a s sumpt ion ’ is met by

t h e  n a t u r e  of the  Fourier ana lys i s  rou t ine , i . e . ,  the power of a g i v e n

f requency has onl y one maximum in the nei ghborhood of an in tegra l

number of cyc les  of that f requency.

Once the sca n data were trimmed to the appropriate  number of

poin ts , the modulation of the fundamental and the first 19 harmonics

were calculated . This procedure provided , for each scan , the

funda menta l  spatial  frequency and the modula t ion  associated w i t h  it

and wi th each of its first 19 harmonics. These data were then used

to c a l c u l a t e  other q u a n t i t i e s  of i n t e r e s t .  Us ing  the  th resho ld

detectability curves of DePalma and Lowry (1962) for sine-w ’ave

i n t e n s i ty d is t r ibut ion s , a pseudo-MTFA was ca lcu la t ed  for each scan .

T h i s  c a l c u l a t i o n  was begun by d e t e r m i n i n g  the crossover frequency’

r e l a t i v e  to the d e t e c t a b i l i t y  curve.  Then , the  ar ea betw een the

d i s p lay m o d u l a t i o n  and d e t e c t a b i l i t y ’  curves was c a l c u l a t e d  us ing

144
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rmurn me i’ ica 1 — t ra 1 ght — 11 ire i ntegrat ion - The resui 1 t i r ig a rca i s r e f e r r e d

t o  as a ‘‘ pseudo ’ M ’ I ’ I - A b ecause  t h e  d i s p lay’  m o d u a l t  ion c u m x ’ v e  is  not a

t r a n s f e r ’ fu i r i c t  ion , hu t  r ’a ther  t h e  m o d u l a t  ion of f r e q u e n c ie s  d e r i v e d

by a s p e c i f i c  m a t h e m a t i c a l  t e c h n i que .

In addition to the pseudo-MTFA , several other scan-related

const an ts were produced by this routine. Two such quan t i t ies were

used in latem ’ anal yses , namely , the crossover frequency and the

f r equency ra n ge , i.e., the distance in cycles/degree from the

fundamental to the crossover.

Dei~ m,’atio’rof the metric equations. Af ter the photometric values

were  o b t a i n e d , sca t te r  p l o t s  of these v a r i a b l e s  w i t h  the  dependent

observer performance variable for each task were generated . This was

done to v i s u a l i z e  what eff ect any t rans format ions  of va r i ab les  w ould

ha ve .  Since there is no ideal method for choosing proper predic tor

var iables  for emp irical curv e fitting , var iables  were selec ted which ,

on the basis of past and present research , should account for reason-

able proportions of measured variance. In addition to research-based

variables , variables transformed to fit observed data patterns are

oft en used .

Using both approaches , a total of 20 variables was eventuall y’

u sed as a pool of regression predictor va r iab les .  These 2() v a r i ab l e s

were divided between ver t ica l  and horizonta l terms.  Al l  predictor

v ari ables  used are l i s ted  and d ef in ed in Table 2S .

The actual  regression ana lys i s  performed on these data  was the

Stepwise M u l t i p le Regression (SMR) procedure as imp l emented in the

l 4 S
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S t a t i s t i c a l  A n a ly s i s  Sys tem , Re lease  76. -) ( B a r r , Goodni gh t , S a I l , and

i l e l w i g ,  1976) . In essence , the  SMR procedure p roduces an equation of

the form I = a + bX + cX + - . . + OX , where X ~ are
1 2 n 1 n

independen t variables and b , . . . , 0 are the least-squares coeffi-

cien ts for the independent variables. I is the dependent variable

and “a” is the  y - in te rcep t  of the  equa t ion .

TABLE 25.  Pool of Predictor V a r i a b l e s

Vertical Horizontal Description

VFRE Q HFREQ Fundamental  spa t ia l  f requency (cyc/ deg)

VFLOG UFLOG Base 10 log of fundamental  spat ia l
frequency

VSQR 1-ISQR Square of (fundamental  spat ial  frequency ’
m in u s 14 . 0 )

VMOD HMOD Modulat ion of fundamental  spa t ia l
frequency

VDIV HDIV Fundamenta l  spa t i a l  f requency d iv ided  by
modu la t ion

VLOG ULOG Base 10 l og of VDIV and H D I V

VMTFA HNTFA Pseudo-modulation transfer function area

VMLOG UMLOG Base 10 log of VMTFA and HMTFA

VCROS HCROS Spatial frequency at which modulation
curve crosses the  th re sho ld  cur’,’e

VRANG [IRAN G Crossover frequency ’ minus fundamenta l
frequency

The procedure s t a r t s  w i t h  a dependent  v a r i a b l e  and a poo i of

p red ic to r  v a r i a b l e s . The dependent  v a r i a b l e  is e v a l u a t e d  at many F i o i n t s

I 6 ~
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in  t h e  m easurement  space of t he p r e d i c t o r  v a r i a b l e s .  One p r e d i c t o r

va riable a t a time is entered into the regress ion  model . As each

variable is entered , a partial sum of squares corresponding to the

amount of observed variance accounted for by that variable is

computed . In addition , the proportion of variance (R 2) accounted

for by the entire regression model is computed . Utilizing the

remaining (residual) variance as an error term , an F-ratio and

si gnificance level are calculated for each term in the model.

Since the predictor variables may not be independent of each

other (orthogonal), the entry of a variable into the model may cause

other variables already in the model to lose significance , even if

the model as a whole accounts for more variance than at the last

step . The level of significance for entry into and exit from the

model can be set by the programmer. When no variable can enter the

model at a given significance level , the procedure halts.

The major problem with this procedure is that , due to non-

orthogonality of the predictor variables , a simple stepwise regression

might halt when a certain combination of remaining variables mi ght all

be significant if entered together. In an attempt to bypass this

shortcoming , SAS allows variables to be entered on the basis of

increasing R2 , the proportion of variance accounted for by the entire

model , without regard to individual significance levels. This approach

allows the program to find the best ~-variah le model , from n = 1 to the

total number of variables in the pool , one step at a time .

In this research , both the simple SMR procedure and the regression

based on R2 , known in SAS as M I N k , were used . The dependent and predictor

1- 17
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v a r  i ah l  es were  e v a l u a t e d  at 5-1 separa t c p° i n i t  s i mm t i i -  iis’a sit m i-flu -u t - - a ci

These P o i n t s  a re  from t h e  3 x 3 - 3 - ~ expem - i m e n t a l  c o r m d i t  ions  u t

Section III.

Correction for matrix size. In  t h e  f i r s t  e x l ) e r im e n t a l  p i’iase , a l l

cha rac t e r s  were c o n s t r u c t c d  w i t h  5 x 7 dot m a t r i c e s .  I n  t he  v e r i f i c a -

t i on  exper iment , a l l  three common m a t r i x  s i zes  (5 x 7, 7 x 9, 9 x 11)

we re combined f ac to r i a ll y wi th  the  other exper imenta l  variables.

Obviously, the metrics derived from the initial performance data arc

valid for the 5 x 7 matrices only. By including matrix size as a

variable in the second experiment , it was thought that the presence

and extent of any performance variation with matrix size could be

observed .

The method by which matrix size corrections were made was a

simple linear regression on the mean performance times for tasks which

showed a significant matrix size effect . If a significant effect was

present , a multiple comparison analysis was done to ascertain the

locus of the effect.

Results

Predictive metrics from phase one. U s i n g  the SMR procedures

ou t l i n ed in the pr ev io u s section , three me t r i c s  (equations)  were

derived to predict  the observer performance data obta ined i~ the  f i r s t

experimental  phase.  These metr ics  are presented in Table 26 , a lo n g

w i t h the propor tion of obse rv ed var iance accounted fo r by that  par t i c u l a r

2model (R ) ,  the  maxi mum R~ if all variables are entered into the model ,

and the correlation coefficient of that model with the observed data (R).

148 
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lAB EL 2t ’  - Pred j e t  i ye  E qua t ions

Metric and Related Information

Tinker  SOR A d j u s t e d  R e a d i n g  Time (s)  = 1 .43  + 0 .023  (VSQR)

+ O .364 (HM TFA) + 0 . 2 2 1  (VMTFA)

- 4.825(HMLOG)

C o r r e l a t i o n  C o e f f i c i e n t  R = 0.76

R
2 

= 0.573

Asymptotic H2 = 0.70

Menu Search Search l ime (s) = 0.78 + O.024(VSQR) + 2 . 7 2 (F I L O G )

+ O .193 (V MTFA)

Corre la t ion Coeff icient  R = 0.69

R
2 

= 0.47 1

Asymptotic R2 = 0.59

Random Search Search Time (s) = -48.50 - l38.49(HFLOG) + l92.89(VFLOG)

- 0.642(UMFTA) - 0.734(HSQR)

+ O.982 (VS QR)  - 0.O43(HDIV)

Correlat ion Coeff ic ient  R = 0.71

R
2 

= 0.499

Asympto ti c  H 2 
= 0.60

It  is a ra ther  a r b i t r a r y  dec i s ion  as to the number of terms to

inc lude in a p red ic t ive  mode l .  There is no s a t i s f a c t o ry  method a v a i l a b l e

to determine when one step increase in R2 ceases  to be s i g n i f i c a n t l y-

different from the previous step . This situation exists because of the

nature of the regression procedure itself and the non-orthogona lity of

the predictor variables. The SMR procedure keeps adding and delet ing

terms on a step-b y-step basis. Thus , from one step to another both the

degrees of freedom as we1 1 as the individual model components , and the

I 29
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thi n — n u m o d e l  v a r  i am ice , car t  c h a n ge .  The nrie thod s w h i c h  c x i  st for  t e s t i n g

the  s i gnificance of changes i n  Jf assume independen t  de t e rm i n a t i o n s  of

t h i s  v a l u e .  O b v i o u s l y ,  the variance accounted for from step to step in

the  SMR procedure is not i ndependent .

Generally, continued addition of terms to a regression model will

result in a continued increase in the proportion of predicted variance.

Usuall y, there is a point beyond which addition of more term s will

result in smaller and smaller increments in R2 . One method used to

find a stopping point is to continue adding variables to a model until

an apparent asymptote is found for R2 . The asymptote in the present

research is the H
2 
obtained with all predictor variables in the

solution . The model is then taken which , with the fewest significant

terms, accounts for a reasonably large part of the asymptotic value.

This method was used by Keesee (1975) to derive metrics for raster

scanned threshold detectability curves. Virtuall y the same method was

used in this research to decide on a cutoff point for all three models.

The asymptotes for R
2 
are shown , along with the metrics , in Table 25.

The detailed results of the regression analysis are presented in

Appendix C.

Phase two verification. The analysis of variance data from the

Tinker SOR Test showed a statistically significant effect due to matrix

size (p < .05) and a significant interaction between matrix si:e and

element shape (p < .05). These results are summarized in Table 27. The

main effect of matrix size is shown graphicall y in Figure 73. A

N e wm a n - K e u l s  anal ysis showed the 5 x 7 matrix to be si gnificantly better

150
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than either the 7 ~ 9 on’ 9 1 1  m a t r i c e s  (p ~ .()l ) . Adjusted mean

r e a d i n g  t i m es for  t h e  7 9 and 9 x 11 m a t r i c e s  were not si g n i f i c a n t l y

different (p > .05) .

TABLE 2 7 .  Anal y s i s  of V a r i a nce Summa ry for  T i n k e r  SOR Task

Source of Variance df MS F

Matrix Size (/4) 2 3.418

Dot Shape (S) 2 0.124 0.12

M x s 4 2 .813

Subjects within M ,S 63 1 .043

Total 71

a 
< .05.

The matrix size by element shape interaction can be seen in

Figure 74. A Newman-Keuls analysis showed no difference between element

shapes for the S x 7 matrix (p > .05).

Fo r the 7 x 9 m a t r i x  s ize , the TFT was si g n i f i c a n t l y be t te r  than

ei ther  the SELF-SCAN or the DIGIVUE (p < . 0 1) .  I n addi t ion , the SELF-

SCAN proved to be superior to the DIGIVUE at this size (p < .01 ) .

For the largest  ma t r ix  s ize , 9 x 11 , the DIGIVUE was significantl y’

better than either the SELF-SCAN or the TFT (p < .01). The SELF-SCAN

and TFT showed no significant difference in performance (p > .05).

Analysis of data from the menu search task showed a hi ghl y

significant effect due to matrix size (p < .006). The results of th i s

ana l ysis are summarized in Table 28. The si gnificant matrix size main

effect is shown graphically in Fi gure 75. A Newnan-Keuls anal ysis
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showed the  9 >
~ 11 m m m a t r i x  s iz e  to be supe r io r  to  both t Im e 7 x 9 and

5 X 7 m u t a t r i c e s  (p < .01) - Also , t h e  ana l y s i s  revealed tha t  the  7 9

m a t r i x  was s i g n i f i c a n t l y b e t t e r  than  the  5 ~ 7 (p < . 0 1 ) .

TABLE 2~ . A n a l y s i s  of V a r i a n c e  Summary for Menu Search Task

Source of Variance df  MS F

Matrix Size (M) 2 10 .275 5 5 7 ~1

Dot Shape CS) 2 0 .2 2 7  0 . 1 2

/4 x s 4 3.422 1.85

Subjec ts  w i t h i n  M ,S 63 1.846

Total - 71

a 
< .006 .

Ana lysis of variance data from the random search task revealed no

sign i f i can t  e f fec ts  from matr ix  s ize , element sha pe , or thei r i n t e r ac t ion .

Validation of metrics. The v a l i d i t y  of the  p r e d i c t i v e  m e t r i c s  was

also checked using the performance data from this part of the  r e sea rch .

Utilizing the metrics described earlier and photometric data from the

simulated display types, predicted performance means were calculated

for each task . These were calculated from S X 7 matrices only, since

the actua l photometric values do not change with different matrix sizes.

The predicted and observed performance measures are shown in Table 2~ .

Sev eral t h i ngs ca n be seen fr om t h e t ab l e  of predicted versus

actual data . The most obvious discrepancy between measured and predicted

v a l u e s  occurs for the  D I G I V U E  s i m u l a t i o n  in a l l  t a s k s .  The probable

exp l a n a t i o n  fo r  t h i s  m i s m a t c h  i s  that the  f u n d a m e n t a l  sp a t i a l  f r equency
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fun’ the I ) I G I V U E  i s  a p p r o x i m a t e l y  2 2 - 2 3  c/ deg .  The range of ’ s l a t i , ul

t’requenc ics used in the regress ion procedure whic h y ielded the p r e d i c t  i v ,

nmetrics was a p p r o x i m a t e l y  -1 -17 c/deg. The l) EGIVIJ [  e l e m e n t s  are c l e a r l y

out of this range and regression equations are quite unpredictable in

suc h reg ions. The correl ation between predicted and actual means for

all three rasks and all three displ ay- types is 0.16 , while the Spearman

rank-order correlation between predicted and actual means , excluding

the ra ndom search data , is  0 . 7 3 .

TABLE 2). Predicted and Measured Performance Data (s)

Task Type DIGIVIJE SELF-SCAN TPT

Predic ted  3.08 1 .40  1 . 7 1
Tinker SOR

Measured 1.65 1.67 1.53

Predic ted 8.15 4.53 5.89
Me nu Search

Measured 5.09 4.97 4.90

Predic ted  35.91 3.58 -11.78
Random Search

Measured 5.45 5.82 s .93

The other anomal y in the predicted data is the negative value

predicted for the TFT random search measure. This type of task historicall y-

produces quite variable data , since the human performance is so dependent

on individual factors such as search strategy and se t .  The ori g ina l

pe r fo rmance  data  used to d e r i v e  the  m e t r i c  for random search had grea ter

variance than the data  from e i t h e r  of the  o ther  two tasks.

The i n s t a b i l i t y  of t h i s  m e t r i c  can further be attributed to the

:tsvnimet rv  of the ven ’ t i c a l  and hor i zon t a  1 sp a t i a l  f r equenc ies  in t h e

s i n m u l ; i t i ’ il gist ing hoimse FT disp lay . The charac ters used in the f i r s t
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expe r i m e n t a l  phase were composed of dot s w i t h  equa l vi’m -t ic a l and

horizontal spacing . The p r e d i c t i v e  e q u a t i o n  d e r i v e d  fronm these  da ta

is qu i t e  s e n s i t i v e  to departures from symmetry as  seen from the  l a rge

discrepancy between pred icted and measured performance fOr the TFT

display.

Discussion

Prediction metrics. ‘Ihe stated objective of this research is to

derive metrics which validl y predict observer performance on several

typical tasks. In a d d i t i o n , these  p r e d i c t i v e  equat ions  were to be as

compact as possible while utilizing variables which inherently

contained i n f o r m a t i o n  about many disp lay-related parameters. To what

extent has this research fulfilled these obj ec t ives?

The met r ics  der ived  in th i s  stud y contain  acceptabl y few te rms

which represent different quantitative elements of the disp layed

intensity distributions . The terms are broad ly divided into horizontal

and ve r t i c a l  ca tegor ies .  This d ichotomy is logical  from a physical

standpoint , i.e., separate photometric scans were taken horizontall y

and vertically. The horizontal and vertical division is also predicated

upon research which points to or ientat ion sens it iv i ty  of the visua l

system -

W i t h i n  the  broad d iv i s ion  of o r ien ta tion , the predictor va r i ab le

pool can be further defined in terms of spatial frequency, modulation ,

and a combination of both modulation and spatial frequency. In addition

to these terms , transformations of raw terms are also included in the

metrics , i.e., logarithmic and quadratic equations . Such transformations

have been found u s e f u l in  predictin g observer performance in a number of

I
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v i s u a l  m’e search stud i i-s (Albert , 1975; l)eP a l ma and I .owry , 1 963) ; hence ,

their inclusion in t h e  r e g r e s s i o n  models  is a log ica l  e x t e n s i o n  of

previous work.

Generally, the predictor variables included in the derived metrics

appear to be appropriat e both in terms of the stated objectives of the

research and as an extension of the work done by many investi gators on

severa l disp lay-related parameters. The variables are elegant in that

they contain information from many separate dot-matrix characteristics

previous l y studied in i so la t ion , e . g . ,  dot size , dot shape , dot spacing ,

and luminance contrast.

The predictive metrics are relatively simple , account for a

substantial proportion of observed variance , and , subject to the

constraints of the original data , have been shown to be fairl y- valid

predictors of observer performance. The predictive validity ’ of these

metrics should be viewed in the framework of the current state of

knowled ge about the variability of certain tasks as well as the

intended use of such metrics.

Predictive equations such as those derived in this study are

meant to be used to predict relative observer performance rather than

absolute performance. That is , when a number of disp lays with different

image-related parameters are compared , the predictor should allow a rank

ordering of these displays with respect to observer performance on

specific types of tasks. The equations are not intended to be used to

calculate absolute performance on a given task with a given disp lay , for

such absolute performance is also affected by many additiona l , non-disp lay-

related variables.

I 5’
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Iv en w ith th i s ri-s trict io r u , th e I)n’ e’dic t i\i’ nuetric dcrivej fo r

randomm i si-arch t inc has been shown to h a v e  poor p r e d i c t i v e  ia  1 i d i t y .

I n n  t he 1 i ght of p r e y  ion s  r e s e a r c h  om i t h i s  type of’ task , such low

v a l i d i ty is not s u r p r i s i n g . A l a r g e  p r o p o r t i o n  of t he  observed

vari ance in the perforn umunce data fromuu Section III is accounted for

by the random search predic tion equation (R = 0.499). The regression

procedure used to derive the metric essentially maximized the amount

of predic ted variance. When the performance data are extremely

v a r i a b l e , as in the random search task , equations derived from these

da ta are less l i k e l y  to r e l i a b l y predic t proportions of variance from

samp les of da ta other than the ori g ina l samp le . Much research has

shown tha t when suc h me tr ics  are app l ied  to da ta other than those from

which  the me tr ics  are der ived , the predictive validity is quite low

(cf., Greening, 1976).

In addi tion to the different tasks investi gated in this  research ,

another dimension of the displays was also varied , that is , ma tr ix

size. It has been shown in Section IV that certain correction factors

re la ted to ma tr ix  s i ze  can be included in predic ti ve models  to accoun t

for perfor mance changes . However , there are cer ta in  fundamen tal

problems , perhaps not obvious , which preclude using such general

factors in the present study.

Firs t , a correc tion factor incorporating some measure of matrix

s ize , e.g., number of dots , cha racter area , etc., imp l i e s  tha t this

correc tion occurs along a continuou s dimensio n. In fact , ma t r i x  s i z e

is a discrete variable. In this inves ti gation , three common eatrix

sizes were used . Interpolat ion het ’%ecn these sizes would not he a

I SS
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leg i t  i nnma te  or macan i ng f u l  procedure . Li en i f t h i s  p rob l  em wer e  ov L’rcunhi-

p e r h a p s  by using a disc rete-valued c o r r e c t  ion f a c t o r , t h e r e  r e m a i n s  t he

f a c t  that the  e f f e c t  of matrix size on observer performance has been

shown by the presc’nt research to be hi ghl y’ task-dependent.

I n s p e c t i o n  of t he  a n a l y s e s  of v a r i a n c e  for  the  T inke r  SOR t a s k

and the menu search task reveals the nature of the task dependence of

the matrix size effect. In the case of the Tinker SOR task , the 5 x 7

ma tr i x produce s si g n i f i c a n t ly faster adj usted reading t imes than ei ther

of the two l a rger  ma t rices . In  the menu search task , the 5 x 7 matr ix

prod uce s si gnificantl y slower search t imes than ei ther of the two larger

ma trices. In this task , the 7 x 9 ma tr ix  produces si g n i f i c a n tl y slower

search t imes than the 9 x 11 ma tr ix .

A possible explanation for the task-matrix size interaction lies

in the nature of the tasks themselves. The Tinker reading task

requ ires the observer to scan a number of lines of contextual informa-

tion and then decide which word is not appropriate in the passage.

Since the characters became larger as more dots were added , the area

to be scanned became larger as well. It is reasonable to expect ,

therefore , that as long as the characters are large enough to be

leg i b l e , smaller characters should result in faster reading times due

to fewer required eye f ixa t ions .

The menu search task involves very different response require-

men ts by the observer. The search area was kept relatively constant ,

regardless of charac ter size. The search strategy’ emp loyed by

differen t subjects obviousl y varies . In general , however , the fewer

eye f i x a t i o n s  one has to m a k e  to  l oca te  t h e  t a r g e t , the  f a s t e r  the

I 59
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search w i l l  he .  As t h e  cha rae t i r~- I)ecomn e smaller , the spa c i- hi- I ~

each pseudoword in the search l i s t  becomes l a r g e r  and l a r g i - r .  hi-

probabili ty of an observer fixating on a blank area of the disp la~

increases as the blank area increases, in addition , the probability’

of being able to distinguish more than one pseudoword at a time

decreases as the list elements become more widely’ spaced . As the

charac ters becom e smal l e r  and the search l i s t items more dispersed ,

one would expect search times to increase as , indeed , they did . This

interpretation is consistent with known eye movement scanning da ta

(e.g., Snyder and Tay lor , 1976).

Besides the obvious desi gn di lemma tha t this task dependence

imp lies , what can be said of the observer performance as it is

related to matrix size? Perhaps the most conservative approach is

to impose the structure of the raw performance mean values on the

predictor equations. That is , the Tinker SOR data show the mean

adjusted reading time for the 7 x 9 and 9 x 11 matrices to be about

1.5 times that of the 5 X 7 matrix. It is then appropriate to

mul tiply the predictive metric by 1.5 when 7 x 9 or 9 x 11 ma tr ices

are used and to omit this multiplicative factor when 5 x 7 matrices

are to be emp loyed . By similar reasoning , the predictive metric for

the menu search task can be adjus ted b y m u l t i pl ying the raw (5 x 7)

predic t ion by 0.8 when larger matrices are to be used .

While such correction factors could be used , their efficienc y-

is dubious due to certain experimnental procedures. All matrix sizes

for each simula ted element shape were viewed at the same distance.

This produced a confounding of matrix size with subtended visual ang le.
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I t  i s  p o s s i b l e  that the mm m e an u va 1 ui’s assoc i at i’d w i t  h t he raw d a t a  sen

a f f e c t e d  by this confounding. In any case , t he  m a t r i x  cor rec t  ion

f a c t o r s  shou ld  he used o n l y ’  as gene ra l  t r e n d  c o r r e c t i o n s  and not

a b s o l u t e  and p r e c i s e  I ) r e d i c t o r s .  I n  t he  font  s tud y of Sect ion V I I I ,

t h i s  c o n f o u n d i ng  be tween  m a t r i x  s i z e  and charac ter s ize  w i l l  he

evaluated further .

Photometry evaluation. Aside from the metrics themselves , some

v ery inti- r~’sting findings surfaced during their deriva tion. One of the

mos t gr at i f ~-ing dis coveries was a very hi gh correlation (R = 0.99)

be tween horizontal and vertical spatial frequency measurements. These

measuremen ts were made by sc ann ing  photometry’, a me thod which  has , in

the pas t , been considered to have sign i f i can t measuremen t error , on the

order of 5%. Since the vertical and horizontal scans were made

independen t l y, the hi gh correla tion between the resulting measurements

is considerable vindica tion for the photometric methodology’ and

optimization analysis routine. It also supports the luminance and

spatial stability of the generated displays .

In addi tion to the photometry, the me thod of ma thema t i c a l l y

treating the resulting data proved to be reliable and capable of

h a n d l i n g  the normal noise associa ted wi th photometric data. It is

perhaps a smal l  poin t , but nevertheless important , that the Fourier

routine be capable of handling the high-frequency noise present in

the scan data. This allows the retention of hi gh-frequency (ed ge)

informa tion in the scanned intensity distribution . The rounding of

ed ges caused by hi gh-frequency fil tering in the p ho tome ter is a major
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source of e r r o r  when u  c a l c u l a t i n g  spat  i a l  frequency- cont ent of’ an

i n t e n i s  i t  y U i s t r i b u t  ion . ‘I’he a b i l i t y -  to accep t the hi  gh—freque nc\

data i n  t h e  ana l y s i s  r o u t i n e  a l l o w s  t h e  f i l t e r i n g  to he b y-passed at

the photometer.

Sun~iuary and Conclusions

This  s tudy-  has demons t r a t ed  t h a t  i t  is possible to account for

l a rge  propor t ions  of e x p e r i m e n t a l  v a r i a n c e  on v i s u a l  p e r f o r m a n c e  t a s k s

wi th relatii-el y simp le display-rela ted parameters . The proportion of

variance accounted for by the derived models ranged from 0.47 for the

menu search model to 0.57 for the Tinker SOR model. The metrics

presen ted i n th i s  sect ion con ta in  re la t ive l y few terms , The ten -ms

themse lves  i n h e r e n t l y  contain  in fo rmat ion  about many disp lay parame ters

usuall y treated as isolated from one another . For instance , the MTFA

measure includes , among other information , relative dot size , dot shape ,

do t spacing , and luminance con tras t.

The values predic ted from the metrics have been shown to be

well correlated with actual performance when the predictor variables

are wi thin the range of the original variables from which the metrics

were derived . One exception to this is the random search metric ,

w h i c h  is ex tremel y sensitive to violation of variable range.

The correc t ions app lied to the metrics to account for matrix

size i n -  roug h appr oxima tions and reflec t trend s rather than extremel y-

I~~~ t - ( ‘ ‘ ~m~’ r m c ; i l pred ictions. The inconsistent effect of matrix size

- U m — p i  i .  ‘ ~~~~~ a’- ~ t- t  1 ,ms the small num umb er of v a l i d a t i o n  po In t s ,

- - ‘
~~~ ing -t r es m ml t s for differ ent ma r m - i x s i z e s .
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V I . VAI, I l)A’I’ ION OF I~RE1 ) IC’iION EQUAT IONS

USING AC ANI ) I)C PLASMA PANELS

Introduction

The stu d y repor ted  in t h e  p rev ious  section produced prediction

equations for three different tasks--menu search , random search , and

reading. Because this previous stud y used the Tektronix 4014-1

termina l  to s imu la te three d i f f e ren t d i sp l ay’ devices , i t is des i rab le

to validate these prediction equations by conduc ting the same experiment ,

u s i n g  the same tasks , wi th the actual  r ather than s imula ted display

devices.

Unfortunatel y, the TFT EL disp lay was no t ava i l ab le  ~a a compu ter

addressable  form at the t ime this  stud y was to be conducted . Instead ,

the three displays selected for this experiment were the DIG1VUE AC

plasma panel and two versions of the Burroughs SELF-SCAN DC plasma

panel . One version of the SELF-SCAN had general l y round do ts , w h i l e

the other had square dots. The square dot SELF-SCAN was essentiall y’

that simulated in the previous experiment.

Because of the limitation of the SELF-SCAN panel size , it was no t

possible to present the random search display on either of the SELF-SCAN

displays . Thus , this validation experiment resulted in performance data

for two tasks (menu search and reading) on three disp lays (DIGIVUE and

two SELF-SCANS) .

Method

,‘ uh)(?ot-s. Seventy-two subjects were run in this experiment , 36

male and 36 f e m a l e .  A l l  subjects were tested using a Bausch and Lomb
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O r t h o r a t e r  to assure t h a t  t h e i r  v i s u a l a c u i t y  was  at l e a s t  2 0 / 2 5

corrected with no gross visua l defects. All subjects were p a i d  for

their partici pation .

Apparatus. The displays used in this experiment consisted of

two SELF-SCAN II plasma panels and one DIGIVUE plasma panel. The

SELF-SCAN II panels differed only in the shape of the dot elements.

One panel was constructed with a round dot shadow mask while the other

was built with a square dot mask. The DIGIVUE panel was a standard

Owens-Illinois design with a plastic touch panel cover which tended to

“smear” the dot structure on the screen.

The computer system was the sane PDP 11/10 , LPS-ll combination

used in earlier experiments. The DIGIVU E panel was interfaced to the

computer using ITL interface boards. The SELF-SCAN panels were

interfaced using a speciall y built serial-to-parallel converter.

The experimental room included a standard height table upon which

the displays were placed . Markings were mad e on the table surface to

assure accurate and repeatable placement of each display in either of

two viewing orientations.

Experimental design. The experimental design for this stud y is

shown in block form in Figure 76. Each display is seen by a total of

24 subjects , 12 male and 12 female. Each subject received both the

Tinker Speed of Reading task and the menu search task at each of two

viewing angles , 90° and 45°. The order of presentation of viewing

ang les was counterbalanced so that half the subjects saw the 90° viewing

ang le first while the other half saw the 45° viewing angle first .
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Fi gure 76. Experimenta l Desi gn
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‘: ‘ ‘:~~i € - . Subjects were seated before the di  sp lay assi gn ed to

his or hen’ block. Since display o r i e n t a t i o n  was  c o u n t e r h a l a n m c e d  a c r o — ~s

subj ec t s , h a l f  t he  s u b j e c t s  began t h e  e xp e r i m e n t  w i t h  t h e  90 0 v i e w i n g

ang le and h a l f  w i t h  t h e  45 ° v i e w i n g  ang l e .  In  e i t h e r  case , th i -  d i s p lay’

was p laced so t h a t  t he  cen te r  w a s  l oca t ed  a p p r o x i m a t e l y 61 cm f r o m  t h e

pla ne of t he  s u b j e c t ’ s eyes .

The subj ec t s  were g iven  a set of w r i t t e n  i n s t r u c t i o n s  exp l a i n i n g

the T i n k e r  Speed of Reading t e s t .  These i n s t r u c t i o n s  s t a t ed  t h a t  each

passage to be seen on the screen contained one word which was not used

in t he  context  of the  passage.  When th i s  word was found , the  subj ects

were to ld  to press a hand-he ld  response b u t t o n  and to speak the o u t - o f -

place  word . I t  was exp la ined that  an in tercom located adjacent to the

screen would be moni tored by the experimen ter to ascer tain whe ther the

correct word had been isolated . The subjects were also informed that ,

upon pressing the response button , the disp layed passage would be

erased and a new passage would appear in a short time.

At the conclusion of the wri tten ins truc t ions , any’ questions

posed by the subject were answered . The subject was told that the

f i r s t  few passages would be g iven for the  purpose of p r a c t i c e .  A f t e r

t h i s  i n s t ruc t ion  period , the exper imenter  l e f t  the d i sp lay  room and

retired to an adjacent computer room . Once situated , the experimenter

informed the subject , via the intercom , that the trials were about to

commence. The ac tual  t r i a l s  were con t ro l l ed  by the  PDP 11/ 10 m i n i c o m p u t e r .

Ten practice trials and 25 experimental trials were administered at this

time and the subject’ s responses were monitored via the intercom .
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At the  comp l e t  i o n  of t h e  f i rst ‘Ii nke m ti-ia 1 s • the e x p i-rim ul e un t i-n

reentered  t h e  d i sp l a y  room and gave t h e  suh j ect a set of written

i n s t r u c t i o n s  exp l a i n i n g  the mennu search task , ‘I’h ese instructions

described the nature of t h e  menu search procedure , as was d e s c r i b e d

in Sec t ion  I I I  of t h i s  report . Subjects were cautioned in the

ins truct ioims to press the response button as soon as they found the

target and to keep their eyes on the location where they found the

target. They were informed that as soon as they pressed the button ,

the disp lay would be erased and each potential target position would

be numbered .

The subjects were asked to enter the number of the location of

the targe t on a key board located in front of them . After this number

was entered , the next trial would proceed . Again , any questions posed

by the subject were answered and the experimenter withdrew to the

compu ter room . The subject was informed that the trials were about to

commence and the program was initiated . A total cf five practice

trials and twelve experimental trials were administered during this

phase of the experiment.

After these two phases of the experiment were done , the

experimenter reentered the display room and reoriented the display.

The disp lay was moved from the initial orientation to the other

orientation.

After the viewing ang le was changed , the subject was informed

that the Tinker SOR test would be done again with different passages.

The writ ten i instructions were not read a second time , hut the subject

was allowed to retain the instruction set for reference , if necessary .
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‘I’he same p rocedure  was fo l  lowed as i n  t h e  f i r s t  p a r t  of t h~ expi ’ni m ui eui t

for both  t h e  T i n k e r  and menu sea rch  t a s k s .

After bo th phase s of the  exper iment , the  sub jec t  was g i ven a

shee t of paper containing 10 typewritten Tinker passages .  The sub j ec t s

were instructed to read each passage , find the incorrect word , and

cross out the word with a pencil. The subject was timed on this task

with a stopwatch and the average time per passage served as the

baseline reading speed for each subject.

After this baseline procedure , the subjects were paid , thanked

for their partici pation , and allowed to leave.

Photometric data. A l l  photometr ic  data from the three  d i sp l a y - s

were gathered after the subjects had been run . The procedure for

obtaining the data was identical for all three display’s.

All photometric scans were taken with a Gamma Scientific Di g i tal

Photometer and the data were placed on magnetic tape . The scans were

made by moving a photometric microscope with a 4x objective along the

horizontal and vertical axes of the displays . A 25 x 2500-micron slit

collection aperture was mounted on the microscope and the entire

microscope was moved by a small AC gearmotor. The data collection

procedure involved closing a computer-controlled relay which activated

the motor for 60 seconds. While the motor moved the microscope , the

output of the photometer was sampled at 100 Hz by an analog-to-di gital

converter , which is part of the computer system .

A total of 6000 points were thus collected on each scan and placed

on magnetic tape. Several scans were taken horizontally- and vertically

at both 90° and 45° angles of view. Since the total distances traversed
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on each si-a im w i-m e sli gh t 1 v di  f I ’eu ent due t a not or c o l t api - f’i uctuat ions

a V e r n i e r  s ca l e  a t t a c h e d  to t h e  m i c r o s c o p e  im i ount wa- s read at t h e  s t a r t

and the conclusion of each scan and recorded on a da t a  shee t .

A f t e r  a l l  scans  were comp le ted , they  were sub jec ted  to di g i t al

F o u r i e r  ana l y s i s  to d e t e r m i n e  the  magn i tude  of the major spatial

f requency  c o m p on e n t s  of each d i s p l a y ’  in both v e r t i c a l  and h o r i z o n t a l

axes , and at both perpendic ular and obli que viewing angles. These

data , and calculations made from these data , served as the independent

variables in the previously derived performance prediction equations.

The data analysis procedure and prediction equations were described

in Section V.

Results

Menu search. The mean menu search time per subject per experimental

cond i t ion was the basic da tum used in an a n a l y s i s  of variance. As

summarized in Table 30, both the display’ and orientation main effects were

s t a t i s t i c a l ly si g n i f i c a n t  (p < .05). The DIGIVIJE display led to

significantly longer menu search times than did either of the  SELF-SCAN

displays (Figure 77 , p < .01). Further , the difference between the two

SELF-SCAN displays was also statistically- significant (
~~~ 

< .01), as

determined by the Newman-Keu ls multiple comparison test .

All three displays produced a significantl y’ longer search time

at the 45° orientation than when the subjects viewed the display - at a

normal 90° ang le (Table 30, p = .032). The av erage t i me , ac ross a l l

three d isp la y s , was 4 . 2 0  s for t he 90 0 o r i e n t a t i o n  and 4 . 3 7  s for  t h e

45 ° o r i e n t a t i o n .
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I ’ABLF 30. Suiminniary of Ana l y s i s  of V an  iance  of Menu Search Time s

(U MS P p

D i s p l a y -  (D)  2 7 . 2 2 6  3 . 7 7  0 .028

Sex (S) 1 2 .4 0 2  1 . 2 5  0 .268

O r i e n t a t i o n  (0) 1 1.095 4 . 8 0  0 .032
[) x s 2 1 .860 0.97 0.386

D x 0 2 0 .082 0.36 0.699
S x 0 1 0 .059  0 . 2 6  0.612

0 x ~ x ~ 2 0 .080 0.35 0 . 7 0 5

Subjects within D,S 66 1.926
(Ss/D,S)

O ~ Ss/D , S 66 0 .228

Total 143

Reading time. As in previous studies , reading times on the

modified Tinker SOR test were analyzed , us ing  the anal ysis of var iance ,

for both corrected and uncorrected reading times , with the corrected

times being the uncorrected time minus the baseline time as measured

from the printed page SOR time score .

The summary of the analysis of variance of the uncorrected scores

is g iven  in Table  31 , w h i l e  the summary for the  corrected scores is in

Table 32.

For the uncorr ected t i m e scores , the on ly  s t a t i s t i c a l ly s i g n i f i c a n t

(p = .013) result indicates that female subjects read more rapidly than

males (6.10 vs. 7 . 1 2  s/passage) . This  is not su rp r i s ing  and merel y

verifies results achieved by numerous researchers dealing with verbal

abilities.
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D i s p l a y ’  U~
) 2 1 .-122 0.25 0.781

Sex (S) 1 37.383 6.51 0.013

Orientation (0) 1 0.125

D S 2 0.003 0.00 0.999

D x 0 2 0.240 0,41 0.665

S x 0 1 0.021 0.04 0.851

D x S x 0 2 0.289 0.50 0.611

Subjects within D ,S 66 5.739
(Ss/D , S)

0 X Ss/D,S 66 0.583

Total 143

TABLE 32 .  Summary of Anal ys i s  of Varianc e of Corrected Tinker SOR Scores

Source df MS F

Disp lay  (0) 2 2 .995  3 .13  0.050

Sex (S) 1 1.934 2.02 0.160

Or ien ta t ion  (0) 1 0 .125  0 . 2 2  0 .644
D x s 2 0 .350 0.37 0 .695

O x 0 2 0.239 0.41 0.665

S x ~ 1 0.02 1 0 .04 0 .85 1

0 x s x 0 2 0 .289  0.50 0.6 11
Subjects within D ,S 66 0.958
(Ss/D,S)

0 x Ss/D ,S 66 0.583

Tota l  143
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y ku ’c’ important 1 y’ , ‘Fable S I indicates that there was a si gnifica nt

= .05) d i  sp l a y  e f f e c t  f o r  t h e  co r rec t ed  SOR t ini es . As i l l u s t r a t ed

i n  I :j ~~ure  75 , co r rec ted  r e a d i n g  t i m e s  w e r e  si g n i f i c a n t l y shor te r

< . 01 )  for  t he  I ) I G I V U E  d i s p l a y ’  t h a n  for e i t h e r  of t he  SELF-SCAN

d i s p l a y s .  Fur ther , t he  square dot SELF-SCAN d i sp l a y  produced f a s t e r

read ing  t ines  than  d id  the  round dot SELF-SCAN (p < .05) , as indicated

by’ the  N e w m a n - K e u l s  t e s t .

Prediction of performance . The p r e v i o u s  expe r imen t , described

in Section \‘ , resulted in several measures of predicted performance

from (1) geometrically shaped dots and 12) DIGIVUE and SELF-SCAN dots

as simul ated on a Tekt ronix  4014-1 d i s p l a y .  Table 33 repeats these

prev ious  means , a long  w i t h  the  performance means obtained in th i s

exper iment  u s ing  the  actua l hardware .

TABLE 33. Comparison of Predicted , Simulated , and Final Performance
Scores (seconds)

Performance Measure DXCI I’VE SELF-SJA ’2 (square )

Rea ding Time (corrected )
Geometric Dots 3.08 1.40

Simulated Disp lays  1.6 5 1.67

Final Displays 0.43 0.89

Menu Search
Geometric Dots 8.15 4.53

S i m u l a t e d  D i s p l a y s  5.09 4 . 9 7

F i n a l  D i s p l a y s  4 . 7 3  4.01
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As sc-en from t l u i  s tab Ic , the ord i m u a 1 ri! at i u m isli i ps bet Si c ’ !)

s imm m u 1 a ted a nd f i n a l scores are the  samni ’ , a l t  bough ai t ua 1 ca 1 ues dcv 1 at _‘

n o t i c e a b l y  i” ro nn p r e d i c t e d  v a l u e s .

0

In a pc -m i c ra ! sense , t h i s  s tud y’ c l e a r l y’ v a l i d a t e s  t he  r e s u l t s  of

the I ) I G I V L J E  and SII LF - .SC,’V\ d i s p l a y  s i m u l a t i o n s .  For t he  menu sea rch

task , the e a r l i e r  p r e d i c t ion equa t ion s , the Tektronix display’ simulations ,

and these  f i n a l  ac tua l  ha rdware  data a l l  i n d i c a t e  t h a t  search t i m e  i s

shor ter  w i t h  the  SELF-SCAN than  w i t h  the  D I G I V U E . Because t he  SELF-SCAN

has 9 . 4  do t s/ cm and the  D I G I V U E  has 2 3 . 6  do t s/ cm , the  c h a r a c t e r s  are

larger on the SELF-SCAN display. It is generall y conc luded  t h a t  l a rge r

characters are more detectable in the  v i s u a l  per i p hery , thereby’

leading to more efficient search and reduced search times.

The absolute differences between the menu search times for the

simula ted and final DIGIVtJE and SELF-SCAN disp lays is qui te small

(7% and 17% , respectively) , a result which nicely’ supports the v a l i d i t y ’

of the Tektronix simulation techni que. This magni tud e of difference

is o f t e n  found for d i f f e r e n t  ;abject samp l e s  and need no t n e c e s s a r i l y

be a t t r i b u t e d  to d i sp lay v a r i a b l e s .

For the  reading  task , t h e  f i n a l score s devia te cons iderab l y front

the  s imu la t ed  and p red ic t ed  t i m e s .  There are th ree  reasons for t h e s e

large differences . First , and as poin ted out in Section V , the

predic tion equations had to be extrapolated for the DIGIVIIE simulation

because s eve ra l  of t h e  ph o t o m e t r i c  and geometric variables for the

DIP IVIJE lay o u t s i d e  the  ranges  of t h e s e  variables in  t he  p r e v i o u s l y
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dc -y e  I oped pm - ed i i’ t ion equat i o n s  . Such c - S t  r ap o  I at i on m u t t  c-ni I i-adS to

i n a c c u r a t e  p r e d i c t i o n , and  t h i s  i s  i m i d i c a t e d  by ’ t h e  l a r g i -  d i )  f i - r c ’micc ’~

be tween  t h e  g e o m e t r i c  p r e d i c t i o n  r e s u l t s  and t h e  s i m u l a t e d  rc-~ i i l t s ,

Tab le  3 2 ,

Second l y’ , t he  r ead ing  t i m e s  in T a b l e  32 are ~~~~~~~~ reading

t u n i c s .  For t he  s i m u l a t e d  and g e o m e t r i c  r e s u l t s , th e correction was

based upon t h e  average  t i m e  to read T i n k er SOR passages disp layed on the

T e k t r o n i x  t e r m i n a l , but in a s t roke  character format . Thus , these

correc ted  ~or d i f f e r e n c e )  scores  t a k e  i n t o  account  t he  r e a d a b i l i t y’  of

the SOR passages on the stroked Tektronix disp l ay .

For the “final” results , however , the correction was based upon

reading time for a typed page containing SOR passages. Apparentl y,

the readability of the typed passages was more similar to the SELF-SCAN

and D I G I V U E  d isp lay’s , thereb y y i e l d i n g  smaller corrected reading times.

I t  should be noted t ha t  the  s m a l l  difference between the two displays

is not very large for  e i ther  the s imu la t ed  ( 0 . 0 2  s) or f i n a l  (0 .46  s)

d i s p lay’s , aga in  suppor t ing  the  v a l i d i t y  of the simulation technique on

the Tektronix disp lay. With a different reading baseline measure , the

f i n a l  d i sp lay  data means mi ght  have been more similar to the simulated

data means.

Thirdl y, the DIGIVU E disp lay used in th i s  stud y had a touch panel

overlay which tended to blur individua l dots to some extent . While

this blurring was visuall y’ noticeable , it bec ame even more apparent

when p h o t o m e t r i c  scans  were macic of t h i s  d i s p l a y .  The b l u r r i n g  w a s

s u f f i c i e n t  to v i r t u a l l y e l i m i n a t e  any in tet-dot modulation , thcrci”v

r e d u c i n g  the  d o t — m a t r i x  c h a r a c t e r  to n e a r l y  , m c an t  in u o u s  st  r ak e  c h a r a c te r ,

d e c i d e d  I >- d i  f f ’ ,-r - m i t  f romi m t hi’ cliarac t - m’ -~ on the s in n  Iat ed D 1 P 1  \ HI d i sp lay ’ .
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It should be noted that both t h e  simulated and ;ictua l dis pl a~~

indicate a longer read i ng time for the SELF-SCAN than for the L)IGIVI J E ,

although this difference is small and statisticall y nonsignificant for

the simulated SELF-SCAN display. Such a difference should be expected ,

simpl y because a given Tinker passage requires more area on the

9.4 dot/cm SELF-SCAN than on the 23.6 dot/cm DIGIVIJE. A passage

occupying greater disp lay area will genera~ll y require more eye

fixations to read the passage , and thus greater reading time. The

fact that the geometric dot predicted times are not in this ordinal

relationship is again probabl y due to the inaccurate extrapolation of

prediction variables for the DIGIVUE . This general result , that

corrected Tinker SOR times are larger when passages are written wi th

larger characters , was also reported reliab ly in Section III of this

report .

At the 450 orientation position , both the DIGIVUE and SELF-SCAN

displays emit less directiona 1 luminance , and thereby they display less

contrast to the observer . Subjectively, the SELF-SCAN appears to have

less contrast than does the DIGIVUE at the 450 position . However , the

performance data showed no differential effect of disp lay type on the

two orientation positions. All three displays were degraded about

the same at the 45° position .

Finall y, there is one additional calculation that can he used to

evaluate the simulation procedure as well as the prediction model for

the SELF-SCAN square dot panel. (This could not be done for the DIGIVUE

because of the dot blurring caused by the touch panel overlay.) This

calculation is based upon a photometric scan of the actual SELF-SCAN
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pane l , t a k e n  i n  the fashion indicated i n Sec t ion  V for the simulat ed

SFL}:_SCAN . This photometric waveform , taken for both the 45 0 and 90 0

orientation , was then Fourier analyzed to obtain values to be inserted

in the prediction equations (Table 2(~, Section V).

Table 54 indicates the menu search and reading tines predicted

for the square dot SELF-SCAN based upon these scans. It also repeats

prev ious predicted times from the simulated SELF-SCAN display of

Section V of this report . As seen from this table , the performance times

predicted from these photometric scans are greater than the actual

tines by about 50% for the menu search and by a greater amount , probabl y

due to the basLline reading task , for the reading test . In each case ,

they predict the 45° performance to be (logically) poorer than that

at 90°.

TABLE 34. Comparison of Photometric Prediction Equation and Actua l
SELF-SCAN Performance Times (s)

SOR Time Menu Searc7-~ Tir~e
45° 90° d5 ° 90 0

Geometric Prediction 1.40 4.53
(Table 32)

Simulated SELF-SCAN 1.67 4.97
(Table 32)

Final Study (with 0.73 0.93 4.07 3.94
SELF-SCAN display)

Predicted , Final Study 2.38 2.15 6.49 5.h2
(using photometric scans
from SELF-SCAN panel in
Table 25 equations)



Of interest in this regard is the predicted performance from the

photometric scans for the round SELF-SCAN as compared to the square

SELF-SCAN . For the Tinker SOR test , the respective round vs. square

predicted t imes are 2.63 vs. 2.15 (at 90°) and 2.47 vs. 2.38 (at 45°).

For the menu search , the round vs. square times are 5.80 vs. 5.62

(at 90°) and 6.27 vs. 6.49 (at 45 0
)
~~ Thus , the predictions are similar

to the emp irical data: 90° performance is generall y superior to 45°

performance , and the square SELF-SCAN is on the average superior to

the round SELF-SCAN display .

Conclusions

The result of this experiment clearly support the validity of

both the Tektronix display simulation technique as well as the

predictive equations for the menu search and reading tasks. Relative

performance correlates well with the several variables studied , althoug h

some error in absolute performance is apparent . Based upon these data ,

one can feel moderately safe in app lying the predictive equations of

Table 25 to new display designs to estimate relative performance for

search and reading tasks.

The results also reaffirm that larger characters are more

appropriate for search tasks , while smaller characters lead to reduced

reading times , a result which seems quite consistent and heuristically

acceptable across several of our experiments. Thus , a disp lay format

may be optima l for one type of task and quite suboptimal for another.
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V II. FONT OPTIMIZATION FOR 5 x 7 DOT-MATRIX ALPHANUMERICS

Introduction

It has been recognized for some time that certain characteristics

of stroke alphanumerics affect their relative leg ibility. These

characteristics have been gathered under the term “font.’ Much

research has been undertaken to ascertain which stroke font is the

most leg ible under certain conditions (cf. Cornog and Rose , 1967).

Some of the more familiar stroke fonts are the Leroy , BUIC , Mackworth ,

and the Lincoln/Mitre . It has not been satisfactorily demonstrated

in previous studies that the conclusions fi om stroke font research

are directl y transferrable to dot-matrix fonts , although two studies

have ind icated that the Lincoln/Mitre font , adapted to dot-matrix

constraints , is superior to other commonly used fonts (Shurtleff, 1970;

VanderKolk , Herman , and Hershberger , 1974).

The fonts developed for use by commercial manufacturers of

dot-matrix disp lay devices are , for the most part , not based on the

meager body of knowledge on the subject. Indeed , most commerciall y

available dot-matrix fonts seem to be based more on expediency than

on any desire to standardize or to maximize legibility.

Manufacturers are generally consistent in the dimensions of the

dot-matrix characters they utilize. Most commercially available

displays use characters which are 5 dots wide and 7 dots high. A smaller

number of disp lays , particularly those requiring both upper - and lower-

case letters , use 7 x 9 or 9 X ~~ characters.
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The study reported in this sect ion is the result of pe e l m i  l1 ;~ ry

research on the genera l image quality of do’t-matrix displ ay s , in t h i s

experiment , the objective wa s to select one particular 5 7 font for

use in subsequent experiments which would investi gate other d~ splav

parameters . Previous studies pointed to the Lincoln /Mitre font as

the most legible , but it was felt that these studies were not

conclusive . The present experiment compared two newly desi gned fonts

and the Lincoln/Mitre font for legibility. The task utilized was the

forced identification of a single alp hanumeric presented tachistosco-

i~ically.

Method

Fonts. Three 5 X 7 fon ts , show n in F igu re 79 , we re compared for

leg ib i l i ty.  The f i r s t  (“ maximum dot”)  font  was constructed u t i l i z i n g

as many dots as possible in a 5 x 7 f i e l d ;  thus , i t  g ives a boxy ,

squared-off appearance. The second (“ maximum ang le ”) font was

constructed using the fewest dots possible in a 5 x 7 f ie ld . This

fo nt has a rather angular  appearance. The th i rd  font is the Lincoln !

Mit re f on t as u sed i n th e Va nde rKolk , ~t al. (1974) stud y .

Apparatus. The d i sp lay  device used in th i s  experiment was the

same Tekt ron ix  4014- 1 computer terminal used in previou s studies . The

di splay  was generated by the PDP 11/ 10 minicomputer , which also

control led the f low of the experiment by logg in g subj ects i n , p resen t ing

th e d isp lay , and recording responses. The Tektronix display was placed

in an experimental  room equipped w i t h  a forehead rest to m a i n t a i n  the

v iewing  dis ta nce at 62 cm.
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j~’cts. Twenty subjects , 1 1 male and 6 fema Ic , were ob ta ined

from the  s tudent  population of the U niversit y , Subjects were not

paid , but pa r t i c ipa ted  v o l u n t a r i l y .  There wa s a cash reward offered

fo r the subject having the most correct responses. A l l  sub jec t s  were

g iven a f u l l  v is ion  test w i t h  a Bausch and Lomb Orthorater and were

required to have 20/20 v is ion  (near and far , correct or uncorrected).

Procedw’e. Each subject was seated comfortably in the exper imental

room , fo l lowing  which  the forehead rest was adjusted for the sub jec t ’ s

seated hei gh t .  The experimental  program was in i t i a t ed  and the subject

was instructed to typ e his  or her name on the terminal keyboard . The

experimenter  then lef t  the room . The f i r s t  phase of the experiment

consisted of familiarization with the alphanumerics to be used . All

36 characters from each font were displayed simultaneously on the CRT .

The subject  was then asked to study the disp lay unt i l  he or she fe l t

reasonably certain that  each character could be ident i f ied  co r rec t ly .

This s ide-by-side presentation allowed the subj ect to note any

d i f f erences and s imilar i t ies  among certain characters in the fon t s .

A l th oug h no time l imi t  was p laced upon this  familiarization , no subject

too k longer than 5 m m .

After the sub j ect was reasonably famil iar  with the characters ,

the next phase of the experiment was begun . This second pha se

consisted of six typing t r ia ls .  Each t r ia l  consisted of a f ixa t ion

box (approximatel y 1.1 by 1.6 cm) bei ng disp la yed on the center of

t he d isp lay wi t h a ra ndom ly selected al phanumeric inside the box. The

subject ’s task was simp ly to type in the displayed alp hanumeric. The

purpose of these typing tria ls was to familiarize the subject with the
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location of the f i x a t i o n  box and the a l p h a n u m e r i c s  as w e l l  as w i t h

the keyboard . As soon as the subjec t responded , the screen was

erased and the  next t r i a l  was begun. These responses were not

recorded .

The expe r imenta l  phase bega n immediatel y after the typ ing trials

ended . Each expe r imen ta l  t r i a l  consisted of the following sequence

of events :

1. The f i x a t i o n  box was displayed centrall y on the CRT .

2 .  Approxi mate l y three sec ond s later  a randoml y selected

al p han umeric was disp layed within the fixation box . The font for this

al phanumeric was a lso  randoml y selected .

3. Fo r ty  m i l l i s e c o n d s  a f te r  it was wr i t t en , the al p hanumeric

was overwr i t t en  w i t h  a f u l l  5 x 7 matr ix  of dots.

4. The subject  then typed in the alp hanu meric h e or she had

seen; if uncer ta in , the subject was forced to make a (guessed) response .

5. The scree n was erased and the sequence repeated .

The random number generator was constrained so that the same

alp hanumeric could not be presented on two consecutive t r i a l s .  A block

of t r ia ls  consisted of each al p hanumer ic f rom each font pre sented once ,

or 108 t r i a l s  per block.  The subjects were given a rest period , if

t h ey des ir ed , af ter two blocks were presented and again af ter  four

blocks.  The ent i re  experiment consisted of six t r i a l  blocks , or 648 t r i a l s .

Results

The resul ts  were anal y z ed paramet r ica l ly  i n te rms of to ta l  err or s

and by conven t iona l  confusion mat r ices .  These analyses were performed

on data from the last four trial blocks. The total errors per font over
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the  las t  fou r b l o c k s  a re  surn inari  :ed in  ‘l’a b l c  35 , w h i c h  shows  t h a t  f o n t

had a h i ghl y si g n i f i c a n t ~p < .00 1) e f f e c t  on the t o t a l  number of e r ro r s .

A Ne wm a n-Keu l s  comparison of the  th ree  fon t s  con f i rmed  tha t fewer  e r rors

were obtai ned w i t h  the maximum dot font  than w i t h  e i t h e r  the Lincoln !

Mi t re  font (658 vs. 789, p < .0 1) or the  max i mum ang le  font  (658 vs. 764 ,

p < .01) .  The maximu m ang le font produced approximatel y the  same number

of errors as the Lincoln/Mi t re  font  (p > .05) .

TABL E 35 . Anal ysis of Variance of Errors for Three Fonts and F our
Trial  Blocks

Source of Variance df  MS F

Fonts (F) 2 60.463 l l . 2 8 ’~

Subjects (S) 19 328.223

F X S  38 5.362

Trial Blocks (B) 3 25. 549 4 7 9 b

B X S  57 5.332

F x B 6 1.657 0.58

F X B x S  114 2 .866

a 
< . 000 15. b 

< .005.

A reliable learning effect  was also revealed by t he ana lys i s  of

variance (p < .01) . A Newman-Keu ls anal y sis of t r ial bloc k s r ev ea l ed

that  fewer errors were obtained on the last experimental t r i a l  block

than with  either the third experimental block (500 V S . S81 , p < .05) or

wi th  the fourth experimental block (500 vs. 584 , p < .05) . This
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dec rease in errors  can be seen in  F i gure  SI~ The r e l a t  ly e  differences

among fonts remain unchanged even thoug h the  s u b j e c t s ’ pe r formance  was

not c o m p l e t e l Y  a s y m p t o t i c  th roug h the four expe r imen ta l  t r i a l  b locks ,

as indicated by the nonsi gnificant Font  x Trial Blocks interaction.

The confusion matrices obtained for the three fonts are shown

in Fi gures 51 . 82 , and $5 . The most severe confusions occur for

different ai phanunerics with each of the font st ies. In the maximum

do t fon t , the characters ~I , Q, S , U , V , 0, 1 , 2, 7, and 8 were ~:onfused

w ith other  cha rac te r s  more than  25% of the t ime . In  the minimum dot

font , the subjects confused I , J , 0, Q, 5 , U , V . , 0, 1 , 3, 6 , and 9

with other alp hanumerics more than 23°O of the time . In the Lincoln/Mitre

font , the charac ters  A , 1 , J , 0 , Q, S. U , V , Ic , , 0, 1 , 2 , 3 , 5, and 8

were confused mo re than 25% of the  t ime .

:)~scussion

The super ior i ty  of the maximum dot fo nt in t h i s  study can be

partially exp lained by the greater percent active area (VanderKolk ,

al.  1974) of this font in relation to the two other fonts. For

most characters , there are simply more dots used in this font. This

greater number of dots results in a distinct subjective bri ghtness

increase over the other fonts, even thoug h the dot luminance , measured

microphotometrically, was the same for all fonts.

In addition to a subjective bri ghtness difference , the method of

presentation may favor one font over others. The tachistoscopic

presentation method was chosen for purposes of comparison with other

studies in which this method was used . The most obvious shortcoming of
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th i s presentat ion method is the absence of any contextual advantage

(or d i  s a d v a n tag e )  of a part icular font.

Gonclusions

The r e su l t s  of this study indicate that fonts which have been

o p t i m i z e d  for  stroke characte rs are not neces sa r i l y  the most leg i b l e

when used in  a computer-generated dot -m a t r i x  d i s p l a y .  I ndeed , these

r e s u l t s  suggest tha t  an optimum font  should con ta in  characters  from

severa l e x i s t i n g  fonts. The results suggest tha t  t h i s  type of exper i ment

should be rep licated and extended to other m a t r i x  s izes , and to comb i ned

upper- and l ower-case displays; the practical results of such studies

should become apparent to and adopted by display manufacturers. Further

research of this nature is presented in the next section.

I
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VIII. FONT OPTIMIZATION FOR 5 x 7, 7 x 9, AND 9 x

DOT-MATRIX ALPHANUMERICS

Introduction

The previous sect ion described the f i r s t  stud y conducted to compare

three cand idate dot-matrix fonts for single character leg ibility. From

those data , a preliminary optimum font , a composite font with minimal

confusion frequency, was selec ted for subsequent experiments. This

mi nimal confusion font was used in the experimen ts reported in Sections

I I I  and IV of t h i s  report .

Subsequent t o the  comp l e t i o n  of severa l exper ime nts  reported

prev iou sl y ,  it bec ame apparent tha t  more i n f o r m a t i o n  was required about

fo n t l eg i b i l i t y  fo r (1) an add i t i ona l  font , the  iludd le ston  font , and

(2) other matrix sizes. Thus, the experiment described in this section

of the r epor t fills those needs. In addition , it replicated the previous

font study to reexamine the results for a possible equipment flaw which

was thoug ht to have biased the resul t s .

In this  experiment , three matr ix  sizes (5 )( 7, 7 X 9 , 9 x X l )  were

evaluated for four different fonts (Lincoln/Mitre , Maximum Ang le ,

Maximum Dot , Huddleston) in a forced-choice , single alphanumeric

tachistoscopic recognit ion experiment . The procedures were s imi lar  to

those reported in Section V I I .

Method

Subjects. A total  of 40 sub j ects , 20 male  and 20 f ema l e , we r e

used in this study. All subjects were screened for norma l acuity , at
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leas t  2 0/ 2 5  c o r r e c t e d , and absence of gross visual defects using a

Bausch and Lomb Orthorater . Each subject served a total of apl)rOximatel y

four  hours and was paid for h i s/ h e r  partici pation.

Apparatus. The d i s p l a y  used in t h i s  stud y was the same T e k t r o n i x

-1014-1 t e r m i n a l  used in  e a r l i e r  r e sea rch .  In order to i n c r e a se  the da ta

transmission capabilities of the display, a major modification to the

character generation circuitry was made. Two special programmable read-

only memories (PROMs) were implementd as the alternate character set

feature of the 4014-1. By programming the PROMs and selectin g the

alternate character set from software , individual dots in dot-matrix

characters were desi gned to be any shape and size , and then written using

F only a sing le character write command . This proved to he much faster

than the earlier method of drawing each dot of the dot-matrix character

by illuminating a certain sequence of pixels on the face of the

Tektronix. The older method required much more complicated software

and necessitated sending ‘ip to 100 bytes per dot for each dot in a

character. The new method required onl y 6 bytes per dot.

The computer system used in this study was a P[)P 11/55 machine ,

which is similar to the PDP 11/10 used in prev i ous studies , but it is

much faster and contains more mainframe memory. The computer was linked

with the LPS-ll time base in order to accomplish all timing delays for

generat ing the do t -ma t r ix  charac ters .  In addition , an ASCII keyboard

was connected to the computer system through the intra-lab connection

system . This keyboard served as the subjects ’ response apparatus such

that a l l  data were entered into the  computer v ia  the key board .
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the on lv ot lii ’r m a j o r  p i  ~-c c of equ i pmellt wCI S a comb i n u t  I On forehead

le st and keyboard t a b l e  which ‘. .) is  located w i thin a curtained cubic I c

ins ide  the e x p e r i m e n t a L  ion room . The lektroni.~ disp lay was also located

w i t h i n  t h i s  c u b i c l e .  The forehead rest was used to  keep the p lane of

t h e  sub j e c t s ’ eyes a p p r o x i m a t e l y  102 c iii from the  s u r f a c e  of t he  d i s p l a y .

v-~”a ~tal /~o:~;r~. The bas ic  expe r imen ta l  desi gn for t h i s  stud y

i s  shown in Fi gure  84.  Four cha rac te r  fon t s  were used in  the  stud y .  Two

of these  f o n t s  ( L i n c o l n / M i t r e  and I l udd l e s ton )  were desi gned for  sp e c i f i c

a p p l i c a t i o n s  and have been reported in the  l i t e r a t u r e . The r e m a i n i n g

two fon t s  S.-ere desi gned in our l abora to ry  and were described in the

previous s e c t i o n .  Fi gures 85 t h r o u g h 104 i l l u s t r a t e  the seve ra l  f o n t s .

The f i v e  character size/matrix size combinations included the

standard m a t r i x  s i zes  (5 ~ 7, 7 X 9 , and 9 ~ 1 1) ,  a l l o w i n g  the  character

size to expand as more dots are added to the matrix. The 5 , 7 9 ,

and 9 x 11 ma t r i ces  were  14 . -I , 18. 7 , and 2 2 . 9  mm hi gh , respec tively . At

the 102 cm v i e w i n g  d i s t a n c e , the~- subtended v e r t i c a l  a n g l e s  of 48.6 ,’

63.0 , and 7 7 . 2  a r c m i n ut e s .  The r e m a i n i n g  two l e v e l s  we r e ohta in ed hy

designing a 7 X 9 and 9 x 11 matrix size character set wh i ch rL .ained

the same s iz e  as the 5 x 7 c h a r a c t e r s .  Th i s  was done b y re taining the

same dot/space ratios but reducing t he  a b s o l u t e  s i z e  of t h ~ dots  and

spaces. These additional levels allowed the effect of character

subtense to be separated from the effect of matrix size (number of dots).

A l e a r n i n g  e f f ec t has been found to e x i s t  in  this type  of stud y ,

i . e . ,  t a c h i s t o s c o p ic presentation of sing le alp hanumerics. To make

c e r t a i n  that a p ta t can was reache d  he tore exper i men t a I t r i al s were

begun , each subj ect was given a s e r i e s  of p r a c t i c e  t r i a l s  on h i s / h e r
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f i r s t  due  ot p a r t  ic i p at  ion. Since cue Ii subject saw only 01Cc font , I lie

si ~e for prac tic e was comp l e t e l y  c o u n t e rb a l a n c e d  ac ross s u b j e c t s  w ith~ n

each f o n t/ s ex  c e l l .

To m i n i m i z e  an~ sy s t e m a t i c  o r d e r i n g  e f f e c t , t he  order  of s i :c

p r e s e n t a t i on s  w a s  r a n d o m i z e d . Once t h e  o r d e r i n g s  were o b t a i n e d , one

m a l e  and one f e m a l e  sub j ec t  were  run under each o r d e r i n g .  The runs

w er e  s p l i t  i n t o  two days  to m i n i m i  :e f a t i gue , and the  o r d e r i n g s  were

c o n s t r a i n e d  so t h a t  t he  f ir s t  s i z e  seen on the  second day was the  same

as the  p r a c t i c e  s iz e  seen on t h e  f i r s t  d a y .  A l l  of these  p r e c a u t i o n s

served to make any si g n i f i c a n t  o r d e r i n g ,  l e a r n i n g , or f a t i gue e f f e c t s

C h i g h l y i m p r o b a b l e .

L~~~ C( [.eC~~~~~y~~~ Subj  ec t s  were  seated c o m f o r t a b l y  beh ind  the  fo rehead

res t  in front of the Tektronix displa y . The subject was then informed

F t h a t  t h e  e n t i r e  set  of a lp hanumer i c s  w h ich  wou l d  be seen on the

e x p e r i m e n t a l  t r i a l s  would  be d i s p l a y e d  s i m ul t d n e o u s ly  u n t i l  the subjec t

was  f a m i l i a r  w i t h  them . I t  w as  emp h a s i z e d  t h a t  any s i m i l a r i t i e s  or

d i f f e r e n c e s  among t he  c h a r a c t e r s  shou ld  he noted .

The e x p e r i m e n t e r  then  e x p l a i n e d  t h e  p r e s e n t a t i o n  and response

e n t r y  p rocedure  and an s w e r e d  any ques t ions  posed by the  s u b j e c t .  The

sub jec t  was a l so  t o l d  of t he  i n t e r c o m  l i n k  be tween  t h e  comput e r  room

and the e x p e r i m e n t a l  room . For t h e  f i r s t  day of t r i a l s , t h e  sub j ect

was t o l d  t h a t  the f i r s t  f ew t r i a l s  were p r a c t i c e  t r i a l s .  A f t e r  t h i s .

t h e  e xp e r i m e n t e r  r e t i r e d  to t h e  c o mp u t e r  room , i n i t i a t e d  the  program ,

and a sked  t h e  s u b j e c t  , v i a  t h e  i n t e r c o m , i f  h e/ s h e  was  prepared to  beg i n .

The prog ram for  du e  one I t ie it i ded  a b r i e f  r ev iew of i l i s t  r i i ct  ions ,

a s er i e s  of g rap h i c  i n s t  r t i c t  ion pages ice j e w  j iii ~ the method  ot presentat ion

~~~~ 215
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and respOnse - The a c t  ua I s t u d y  eont a i ned 01Cc prac t i~~ c and  t So  ~ A pci  i —

m e n t a l  su  :es on d~i one and three experimental si zes on day  t w o .  Thus ,

t h r e e  s i z e s  were shown on each du e . The p rocedure  for  each si :e w a s

n e a r l y  i d e n t i c a l , as f o l l o w s .

For each size , t he  entire set of characters was disp layed on the

CR’F . Th i s  i n c l u d e d  the  l e t t e r s  A t hroug h and t he  n u m e r a l s  U t h i o u g h 9 .

The Sub jec t  had as long as h e/ s h e  des i r ed  to  look ver  t h i s  charact es

set . In  p r a c t i c e , no sub j e c t  took longer  t han  t h r e e  or f o u r  m i n u t L s

for  t h i s  phase .  A f t e r  the  f a m i l i a r i : a t i o n  p hase , a shor t  rev i ew of

i n s t r u c t i o n s  was g iven if the s u b j e c t  was on day one of the t r i a l s .

The e x p e r i m e n t a l  t r i a l s  a l w a y s  c o n s i s te d  of t h e  same sequence  of

c \ L - f l t s .  I - i r s t , a f i x a t i o n  box w a s  d r a w n  in  t h e  m i d d l e  of t h e  scr e e n .

.-\ shor t  t i m e  l a t e r  a s i ng l e  c h a r a c t e r  was p l a c e d  i n  t h e  m i d d l e  of t h ~

box . Each cha rac te r  was c o n s t r a i n e d  so t ha t  t he  average t i m e  to w r i t e

an entire character of any si:e from any font was 35 ms (±0.5 ms).

A f t e r  t he  cha rac t e r  was f u l l y w r i t t e n , the  p rogram d e l a y e d  10 y s  a n d

overlaid the character with a full matrix of dots.

After the character was erased , a prompting message appe ared in

the lower left-hand corner of the di sp lay. Followin g this message , the

subject typed in the character which he/she saw , or thoug ht he/she saw ,

on the preceding trial. When this response was entered , the screen was

erased and the next t r ia l  was begun.

The experimental trials were blocked . Each block contai ned two

presentations of every character in the set , or 72 total trials per

block. An experimenter-controlled rest break was initiated after evc~~

two blocks or 1-14 trials. A total of 4 blocks (28$ trials) w a s  g iven

216

—-— .— —- - --— —- —



— -- — - ma ~- - - -
~~~

-
~
- - - -

C l  eac h ex i e r I r~iei~ t s  1 s i : e  . T h e  
~~~~~ 

t i c e  s i z e  w a s  g i ve i l  I or  a t o t a 1 o

( h i ocks ( I ~
_ t r i a is I I o i —  -~U re that th e sub j e c t  S r e  ac  bed a I C  r t u i ~ !I a sic e

o l i t  c-au

l ay  one m d  d i i i  t s ~ s o c e d I r es we -re  e s sen t  j u l I e  t h e  s a m e,  On due

SO , 110 ex t e u l s  iVe  i i  t r~ c t i oh p e l i  od w a s  r e qu i  red and a l l  s i z e s  w e r e

run  for  f o u r  hI ek s  of - i a  Is .

~ata . -\l 1 : s i i i r i s c t  s r  ro i e i i t : I t i o n s  and sub j ect  r e s p or S e s  w e r e

~ t o r e d  on d s k .  \n  a n a l y s i s  D r o g r a n i  co~ p a red r e sponses  w i t n  ; r e ~~L I~~ a-

t i o n s , t a g~ ) - o  e r r o r s , tabulated t i t  i s t i c s , and f o r m a t  t~~l t h e uut~~ist fo r

i c h  s m i h ( e c t .  From th e - se  d a t a  Sh L -~~t s , confusion matrices S e re  constro~ t~ -J

and  S t a t  i st u- : a 1 ana  l v s c -~ we -r e r u n .

- er e. ’ . T h e  mean  numbers of ident ificat ion errors per

5:0 - - - :t per  ~-x p c r  m e n t a  I cor d i t  i o n  w e r e  e v a l u a t e d  b~ an an a l ysis of

i i 1 ~i a nc e . s-; h C ch i s  Is is iso r i z e 5 T  ii T a b l e  So - I n d i v i d u a l  como- a r u sons (se ~~

made be t h e  \ c w m a n — N e u l s e c h i s ~ one  fo r  a l l  m e a n i n g f u l  s i g n i f i c a n t  e f fe c t s

[~~om T a b l e  3~t - it can bs seen t h a t  t h e  Font and Ch a r act  er/~ 1at r x t~ i :e

main effects and thei a inter act son t~cre a l l  s t a t  st i cal ly signi f i  cant

I t  < . 0 5 ) .

T h e  Font  m a i n  effect is Ilustr ated in Figure 105 . w h i c h  ind ic a t es

t ha t  t h e r e  i s  no over  11 si g n i f i c ant d i f f e r en c e  bc -t s een the  I l u d d i  CSU ) r  -

and 1 i n c o i n / ~ l i  t r e  f o n t s  ~ > .05 ) .  and tha t  each of t he se  was  s u p e r i o r

o bo th  t he  ~I a x i m u n s  Ang le  and M a x i m u m  Dot f o n t s  (r- < . d l l  . f a r t h e r , t h e

~‘Isi x imum Dot fon t  was  found to  be SU~~~ CT io r  to  the Maximum .- \n c I e f o n t

(ti- < . 0 5 ) .

‘17
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TABL E So . Sumnu arv of An al ysis of Vai - iance for  u r r e c t  R e s p o n ses

- 1cavo~ 1; ’ M. F

Font (F) 3 3 -4 73 .3 8  2 . 9 7

Character/Matrix Size (C) 4 3087.61  2 1 . 5 0  0 .000 1

Sex (S) 1 1866.60 1.01 0 . 3 2

F’ x 12 308.26 2 .15 0.018

F x S 3 577.10 0.31 0.S2

C x S 4 116.37 0 .81  0 . 3 2

F’ x c x S 12 -13.98 0.31 0.99

Subjects within Font , 32 1343.06
Sex ( S s/ F ,S)

C x Ss/ F ,S 128 143.60

Total 199

The C h a r a c t e r/ M a t r i x  Size  ma in  e f fec t is i l l u s t r a t e d  in Fi gure  1 (0 ,

which  shows several interesting results. First , the S x 7 matrix size

produced more errors than any of the other sizes (
~ 

< .01). The ‘ 9

matrix size y ielded the next largest error total , and was in turn

inferior to all three remaining matrix/character sizes (p < .01).

The next poorest size was the 7 x 9 matrix size reduced in character

size to be equal to the 5 x 7 ; it , in turn , was inferior to both the

9 x 
~ and the reduced 9 X Ii size. The next poorest was the 9 ii size ,

which was inferior to the reduced 9 ~ 11 (r < .01). In summary . the

larger the matrix size z~-r~
’ the smaller the character size , within the

bounds of the present e x p e r i m e n t  , t he  f e w e r  t h e  r ec ogn  i t  on er r o s - -~ -

2 1 5
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Fi gure 105. Effect of Font upon Number of Errors
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The Fo is t  -
‘ Cha r a z t e r / M a t r i  x Sj  — e  ~i i t e r a c t  i C J ) i  1 5  - 1 1 5 1 5  111 I- igur e- 1(47.

I or the S ~- 7 size- , t h e  lludd 1 eston font is superior to t h e  s i t  her t h r e~

(~ < . 1) 1 ) ,  w h i l e  t h e  L i n c o l n / M i t r e  and M~ix inniiii Dot lout s arc c-s~~-~ t i a l l v

e q u i v a l  cot ( p > .0 5 )  - I n  t h i s  mat  l i x  si  z u -  , t h e  Ma~ :: : i t A s i g  Ic s i l t

p roduced m ore  e r r o r s  t h a n  an of t h e -  o t h e r  t h r e e -  t w i t  s ( t i  <- .01 )

For t h e  7 ~ 0 foist , the Iinco1n /M itr ~ was sup e i i - r  t o  t h ~ ot~~s

t h r e e  (~ 
< .05 for  l lu d d l e s t o n  ; p < 01 for other c ouih iri 50115) . -‘i ll

comp ar  Sons among t h e  I lud d i  c-s t on - Max i mum - n g  I e , and Ma x  i f l h Ul l i  : C t cr 1 - i

r at e s  are s t a t i s t i ca l l y s i g n i f i c a n t  (t < .01) .

S i m i l a r l y ,  a l l  c o m p a r i s o n s  among fonts for the- 0 x 11 nat : i x  s i z e

are s t a t  1st  ica 1 l y  s i g n i f i c a n t  )Iludd l e st  01 i. L i n c o l  n - M I  tre , r . 05;

Max iisium Angle ‘c . M a x i m u m  lot  , p . 05; ~i l  I remaining comparisons

p < .01). For t h i s  m a t r i x  si:e , t h -  L i n c o i n r M i t r e -  i s  be st  and t I l L

I l udd l e s ton nex t b est.

The L i n c o l n / M i t r e  and Uuddleston fonts ar e  e s s e ) t  b u y  coo; ca c t

> .05) for the reduced 7 x 9 s i z e , wh ile all other compar i~~ - is  ar e

si g n i f i c a n t  (p < . 0 1 ) ,  with the M a x i m u m  Ang le  t he  p o o r e s t .

S i m i l a i l y ,  for tile reduced I) x 11 s i z e , the  I i n c o l n t t r L

i l ud d l e s t on  fonts  are nond i f f e r en t  > .05) , w i t h t h e  M a x i m u m  \ s i g b e f i i t

a ga in  the  poorest  (p < .01) and t he  M aximum Dot fon t  n e x t  p Ile (r < .01).

Confusion matrices. As in  t h e  prev i ous f o n t  study , mu ch can  be

learned f rom the  confus ion  m a t r i c e s , w h i c h  a r e  illustrated in l - i e u res

108-127. For example , in the  Maximum Dot f o n t , m aj o r  c o n f u s i o n s  were

b etween 5 and S , 2 and 7, Y and V .  The 1-V c o n f u s i o n  a l s o  existed w ith

c o n s i d e r a b l e  f r equency  for the  l lu d d l e s t o n  and L i n c o l n  M i t r e  f o i st s , w h i l e

1 - 1  c o n f u s i o n s  were a lso  f r equen t  for  t h e  I l u d d l e s t o n  and -2  for  th c -

2 2 ( 1 , 
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Li isco i t s / M i  t i - c .  Of jot L - ies t i s t he t a ct I - i t  t h i -r e  w re no pre-dom i rant

cont usions for the Maxi iiium A i s g  1 e fois t ; rat her , t (ii- ~~
- i l l  were

di  str  I but  ed t h r o u g h o u t  t h e  c o n f u s i o n  m at  r i c e s .  the im p  Ii cat ion  of

this r e s u l t  i s  not t o t a l l y c l e a r .

I t  seems unneces  s a ri  to  specu 1 a t e  fu r t  hc- r on ‘‘best ’’ f o n t  c o mb i isa —

t ions . W h i l e  sd c-c ted a 1 p hs a is um c r ic s could he -xl rae t ed  from a l l  f o u r

(and other) f o n t s , t h e  r e s u l t i n g  c o m b i n a t i o n  w o u l d  r e q u i r e  s u b s e q u e n t

e x p e r i m e n t a l  evaluat ion . -\t  this poin t , i t  sec-ills c le a r  that the c h o i c e

of hludd lesto n or Lincoln/Mitre , used upon th e -  m a t r i x  s i z e - , r e m a i n s

sd 1 ;idv i sed - 
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I X - I I X ’ FI :N l ) I i l (  PREI ) I L l ’  I ON MODEL

The 1)redict10f~ equation d i s c u s s e d  earlier were based on

photometric and performance data measured for a variety of dot-matrix

c o n f i g u r a t i on s .  The r ange  of s p a t i a l  f r equenc i e s  used in  the

regression procedure which y ielded the predictive metrics (Section \ I

was approximatel y -1-17 cyc/deg . As the validation stud y (Section \ I J

showed , and later research has verified , the range of spatial frequen-

cies used to generate the ori ginal metrics is insufficient to anal y:e

many commercially available displays. For examp le , the Owens-Illinois

DIGIVI JE-type p lasma panel has about 23.6 dots/cm horizontally. This

corresponds to a fundamental spatial frequency of 20-30 cyc/deg at

normal viewing distance.

The verification stud y (Section VI) revealed that the ori ginal

metrics were poor predictors of subject performance on the DIGIVUE

display due to the restricted range upon which the metrics were based .

En an attempt to eliminate this shortcoming, an extended prediction

model has been derived for Tinker SOR and menu search performance.

Ve thod

To extend the range of the ori ginal prediction equations , it was

necessary  to i n c l u d e  p h o t o m e t r i c  and per formance  data f rom h i g her

s p a t i a l  f r equency  d i s p l a y s  in the  pool of regression variables. Such

data were a l r e a d y a v a i l a b l e  f rom both  t h e  s i m u l a t i o n  s tud y as w e l l  as

the v e r i f i c a t i o n  phas e of this research. The verification phase used

actual ~ I i1 , l - -N ( ’AN and DIGIVI JLI displays i n s t e a d  of dot p at t e r n s  des i gned

2 1 3  
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t o  iiei’e l v  5 i f l h t i late t h e s e  d C sp lavs . The a v ail a b i  l i t  v of t l C C . - C - e  d a t  a

a 11 oi~ ed the ext ended mode I s  t o  be gene cii without t he I le ce S  5 t y ~ I
’

add it iona I dat a col lect i o n  from more sub j c-ct s -

The ac tual equ a t  ion generation w a s  accomplish ed e xa c t l y as i t

was for  the ori g inal metrics. The Same POO l of p r e d i c t o r  v a r i a b l e s

was s u b j e c t e d  to s t ep w i s e  linea r m u l t i p l e  r e g r e s s i o n  a n a l y s i s  u s i n g

the  S t a t i s t  i c a l  A n a l y s i s  Sy s t em (SAS ) ( B u r r , er l -o Ii . , 1970) software

on the  Ilnivers it ~ c o m p u t i n g  s s t em , This t m e , h oi- .C . -ve r  t h e  d a t a

submi tted for anal y sis ori g inated from the foll owin c st,1J ie~~:

1. ‘I ’he o r i g i n a l  d o t - m a t r i x  s t ud y upon w h i c h  t he  f i r s t  m e t r i c s

were based ( S e c t i o n  I I I ) ,

2 .  The s i m u l a t i o n  s tu d ~’ which was used as a p r e d i c t i v e  ‘ca l iJ; t i o n

of s tudy ( 1) (Sec t ion  V ) , and

3. The v e r i f i c a t i o n  s tudy  w h i c h  used rea l  d i s p l a y s  i n s t e a d

simulations (Section VI) .

Sources (2) and (3) contained data from d i sp lay s having fundamental

s p a t i a l  f r equenc i e s  in  the  20-30 cyc/ deg range .

:a~s al  ts

The da ta  pool a l l owed  t h e  g e n e r a t i o n  of extended metrics for  t h e

T i n k e r  SOR t a sk  and the menu search task. It w a s  not p o s s i b l e  t o

gene ra t e  an equat ion  for the  random search t a s k , s i n c e  no p e r f o i -m a n c e

da ta  were  taken  for t h i s  p a r t i c u lar  t a s k  in  t h e  v e r i f i c a t i o n  s t u dy .

(The reason for  t h i s  o m i s s i o n  has been d e s c r i b e d  e a r l i e r . )  One ad jus t -

ment  was necessary  i n  the  T i n k e r  SOR da ta  from t h e  v e r i f i c a t i o n  s t u dy ,

however . I t  was  no ted t h a t  in  bc~ h t he on g in a I and s i mu l a t  ion s t u d i e s

t h e  ha. , c l i n e  r e a d i n g  speed was measured  u s i n g  t h e  T e k t r o n i x  - 101 - 1 -1

- - —~~~~~~~~~~~ ~~~~~- — ~~~~~- - ‘- - - 5 - —  -‘-
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ei’m i na I as t i l e  ii i ~-p 
lay dcv  i c C . ’ - 

‘In t lie I-er i f I cat ion - - t tid y 
, the base I iie C

read ) 110 speed w a s  m e a s u r e d  u s i  C C L  t \ ’p ewr i  t t en  pa s sag es  on s -b i t e  p~1pL-F -

‘l ii i ~ p r o c e d u re  al  lowed t he ha si- I inc r e a d i n g  speed to  hi -  d e t e r m i n e d

w i t  h each sub j cc t v i ew i ng t h sami ty p e  of’ d i  splay ( t l ie t ‘ pew ri t t ci i

page) i ’egai’dless of t h e  d i s p l a y  which s-as t ’ i e w i - d  in  t i l e  e X ( C e r i f l e n t C h l

t r i a l s  . On ft rtunii ely C th i s orocedure  a iso  caused the adjust ed

readin g t i m e s  to he s u b s t a n t i a l l  s h o r t e r , s ince  t h e  b a s e l i n e  P assat ~es

on t h e  typed  shee t s  took  i ’e l , i t  i v e l ’ - l o n g e r  to  read t h a n  d i d  t h e  same

passages on the Tckt ronix di  sp l ay  - To accoun t  for  t h i s  d i f f e r e n c e ,

a c o n s ta n t  0 . 5 s sos  a d d e d  t u  t h e  a d j u s t e d  i- v-ad in g  speed for  each

d i s p l ay i n  t lie yen fL , i t  ion s t u dy . T h i s  0 .8  s i s  t h e  d i  f f c r e n c e

be tween  t h e  IC ea n  ba se  l i n e  r e a d i n g  t imes  for  t h e  t w o  b a s e l i n e

techn iques .

The r e s u l t a n t  p r e d i c t i o n  e q u a t i o n s  and t h e i r  ~~ v a l u e s  are shown

in  T a b l e  3” . The m e a n i n g  of each v a r i a b l e  nam e i s  t h e  same as for the

o r i g ina l  e q u a t i o n s  ( T a b l e  25)

Discussion

Severa l  f ea tu res  of the  ex tended p r e d i c t i o n  e q u a t i o n s  should

be noted . F i r s t , and perhaps  most i m p o r t a n t , these  e q u a t i o n s  appl y to

d o t - m a t r i x  d i s p l a y s  in w h i c h  t he  f u n d a m e n t a l  s p a t i a l  f r e q u e n c y  of t h e

r e p e t i t i v e  dot p a t t e r n  f a l l s  between -1-30 cyc/ deg .  T h i s  v i r t u a l l y

doubles  t he  usab le  f r equency  range  of t he  e q u a t i o n s .

‘l’he next  no t ab l e  t h i n g  about the’ extended  equations is tha t

the  range  d o u b l i n g  was a c c o m p l i s h e d  w i t h  ve ry  l i t t l e  loss of c o r r e l a t i o n

b e t w e e n  observed p e r f o r m a n c e  and performance predicted by t h e i’egi’ession C

2 ( 5
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- - Ext ended Predict ly e  Equut l o r i s

Mo t i -  ,d C~~flO v’ (~ tc’~~ I C.] o~~ CeIa t

T i n k e r  SOR A d j u s t e d  R e a d i n g  Time ( s)  = 5 .7- )  + O . 3 l 1 ( H F R E Q )

+ 2 .479( UM OD)  + 4 . 3 6 5 ( ~lLOG)

— 1-I . 973( H FL O G)  + 1 . 1  12 (VMLOG )

C o r r e l a t i o n  C o e f f i c i e n t  R = 0 . 7 2

R = 0 .525

A s y m p t o t i c  ~2 
= 0.637

Menu Search Search Time (s) = 7 . 2 7  + 0 . 0 2 7 ( H D I V j  + 2 . 1 5 9 ( H L O G )

+ 5.916(VFLOG) - 0 . 3 3 9 ( V M T F A )

- 0.054(VRANG) + 5 . 4 8 7 ( V M L O G )

Correla t ion C o e f f i c i e n t  R = 0 . 7 1

= 0.500

A s y m p t o t i c  R
2 

= 0 .575

equations. The extended equations correlate 0 . 7 2  and 0 . 7 1 ~ i t h  observed

performance.  These compare c l o s e l y  w i t h  the  0 . 7 o  and 0 . o O  c o r r e l a t i on s ,

respect ively ,  obtained in the  ori g ina l e q u a t i o n s .

Some cau t iona ry  notes  must  be added p e r t a i n i n g  to  t e  i n t e r p r e t a -

t ion  and use of these extended equations. First , note the predominance

of h o r i z o n t a l  terms in the Tinker  SOR e q u a t i o n  and of v e r t i c a l  t e r m s  i n

t he  menu search equa t ion . I t  would be easy to h yp o t h e s i :e , on t he  b a s i s

of t he se  equa t ions , some psychop h y s i c a l  process w h i c h  depend s upon

h o r i z o n t a l  i n f o r m a t i o n  for  r ead ing  and v e r t i c a l  i n f o r m a t i o n  for se a r c h i n g

c o l u m n a r  m a t e r i a l .  A l t h o u g h such h y p o t h e s e s  mi g ht  have  h e u r i s t i c

v a l i d i t y ,  no such cone lus  ions can be sa fe  lv supported by these  p r e d i c t i o n

equat i on s . Past analyses have revealed  a hi gh cori’elat ion between

2-1 0 
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hon ~on t a 1  and vert ical t eras  in these data. ‘Ihus , t he ‘- t a t  I ‘- t i v  a

a l g o r i t h m  w h i c h  i n c l u d e s  a v e r t i c a l  term and exc ludes  the  cu r l - i’s-

ponding h o r i z o n t a l  te rm may w e l l  be b a s i n g  t h i s  d e c i s i o n  on e i t h e r

s e r i a l  p o s i t i o n  in  the variable pool or very  m i n u t e  q u a n t i t a t i v e

differences.

Second , the  most i mpor tan t  c a u t i o n  to observe when u s ing  these

equa t ions  is  to unde r s t and  t h a t  no externa l validation has been

attempted . This means simply that all the data in our possession

pert a in ing  to these  d i s p l a y s  were used to generate  the extended

equations . After the equations were generated , no performance data

were collected on disp lays other’ than those used to generate the

equations .

I n con t r a s t  to t h i s  set of ge n er a ted equat ion s , the  or i g i n a l

equations were obtained using data from an extensive dot-matrix disp lay

experiment . After the equations were generated , more performance data

were gathered in the simulation study. The simulation study used not

onl y d i f f e r e n t  sub j ec t s  than those used in the  ori g i n a l  s t udy ,  but

d i f f e r e n t  dot shapes and s izes  as w e l l .  A f t e r  the  s i m u l a t i o n  s tudy ,

t h e  ac tua l  pe r fo rmance  of sub jec t s  was compared to the performance

values predicted by the equations. This is known as externa l validation

and g i ves some idea of the  g e n e r a l i z a b i l i t y  of the  equations .

On the other hand , there is no reason to believe that the

extended equat ions  w i l l  not g e n e r a l i z e  as w e l l  as , or bet ter  than , the

or i g i n a l  e q u a t i o n s , a l t h o u g h  no ob j e c t i v e  test  of t h i s  v a l i d i ty  has

been u n d e r t a k e n .

2 17  
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It 15 b~,’l eyed th at the ext ended pri’d i c t  i i -c  m etrics dv sc r ihed  i l L

t h i s sect ion  a re  v e r y  good predict ors of i’ t- lat iv e obser; cx performan ce

u s i n g  a s i d e  v a r i e t y  of d o t - m a t r i x  d i s p l a y s .  As such , t h e y  r ep r e s e n t

th e b e s t  a v a i l ab le  CY L! ” ’ Z ~~ 
C~ e a su l - es  of ’ d o t - m a t r i x  i m a g e

q u a l i t y .  They s h o u l d  not , and canno t , he a p p l i e d  t i C  n o n — d o t  m a t r i x

c h a r u c t - r s , on ~o dot m a t r i c e s  the  f u n d a m e n t a l  sp a t i a l  fx’equenci’/

n’iodul , it  ion of w h i c h  i s  be low v i s u a l  t h r e s h o l d .  Thus , for  ex amp le , a

d o u b l e -e l e c t o r d e  p r o t o t yp e  O w e n s - I l l i n o i s  D I G I V U L , w i t h  23 .6  ( d o u b le~

do t s  l)i ’r c e n t i m e t e r  canno t be a n a l i ’:ed by - these  equ a t i o n s  s i m p l y

l i-cause the  f u n d a m e n t a l  s p a t i a l  f r equency  is 59 cy c / d e g  (47 d o t s j cm

at  71 cm v i e w i ng  d i s t a n c e ) , which  is be low v i s u a l  t h r e s h o l d  at  t he

d i s p l a y e d  modu la t i on  of those do t s .

2-18
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\ . DISCUSSION

‘t he  p r C .’v io u s  sec t  i ojis lace presented a lange amoun t  of empi n i c a l

d a t a , p red ic t  ion i’qu;it ion s , r e c o m m e n d a t i o n s , and d e s c r i p t i o n s  of

r e p r e s e n t a t  i v e  o b s e r v e r  t a s k s .  Taken t o g e t h e r , these  da t a  are

e x t r e m e l y  i n t e r n a ll y c o n s i s t e n t  and s i m u l t a n e o u s l y  i n  ag reement  w i t h

t h e  few p e r t in e n t  p r e v i o u s  stud i es . Severa l of t h e s e  c o n s i s t en c i e s

and c o m p a r i s o n s  a re  wor th y of a d d i t i o n a l  d i s c u s s i o n , as are some of

the quest  ions developed arid not :inswere-J by t h i s  research  program .

e~’] O’ Y~ -yZOOC !&~ZSUi~OS au—~: L1SkO

One of the  e a r l i e r  s tud ies  in this s e r i e s  ( S e c t i o n  I I )  was

des igned  to compare severa l  s i n g l e - c h a r a c t e r  response measures for

the purposes of ( 1 )  e s t i m a t i n g  r e l a t i v e  s e n s i t i v i ty  of the  measures ,

and ( 2 ~ s p e c i f y i n g  a measure  to be used s u b s e q u e n t ly . F o r t u n a t e l y ,

t he re  were  g e n e r a l l y ’  hi g h c o r r e l a t i o n s  among t h e  v a r i o u s  measures  so

tha t  we f e l t  j u s t i f i e d  in us ing  accuracy’ (or pe rcen t  c o r r e c t ) ,  t ach i s to -

scopi c  r e c o g n i t i o n  accu racy ,  and response t ime  measures  i n  subsequent

s t u d i e s . I t  i s  b e l i e v e d  t ha t  a s e l e c t i o n  among these  th ree  measures

is not c r i t i c a l  to the c o n c l u s i o n s  of a w e l l  d e f i ne d  e x p e r i m e n t  in t h i s

general  p rob lem a rea .  These measures  produced c o n s i s t e n t  r e s u l t s  in

Sec t ions  IV , V II , and V I II.

ln  a des i re  to c rea te  t a s k s  more comp l ex and r e p r e s e n t a t i v e  t han

s i n g l e  cha rac t e r  r e c o g n i t i o n  in a spec i f ied  d i sp l a y  l o c a t i o n , we

selected the  T i n k e r  SOR , random search , and menu search proc edures .

The T i n k e r  t e s t , as m o d i f i e d  and used in  th e se  e xp e r i m e n t s . has  proven

249
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t o  lie seris i t  i t t ,’ ar id c o n s i s t  ent  - l~e a ri collv i r iced i t i s  a good

e x p e r i m e n t a l  t a s k  to  e m p l o y , so long as eac h  subject i s  l o t  r e qu e s t ed

to  i-cad more  t h a n  51) or so of t h e s e  r a t h e r  s imp le  passages .  Beyond

t h a t  p o i n t , t he  t a sk  becomes not i c e ab l y b o r i n g  and p e r f o r m a n c e

v a r i a b i l i t y -  may i n c r e a s e .

The T i n k e r  SOR t es t  is r e p r e s e n t a t i v e  of a r ead ing  task  i n

w h i c h  t he  ope ra to r  i s  a t t e m p t i n g  to o b t a i n  i n f o r m a t i o n  from a c o n t e x t u a l

d i s p l ay  of r e l a t e d , p a r t i a l l y redundant  i n f o r m a t i o n . As w i l l  be C

summarized be low , t h i s  task is f a c i l i t a t e d  by d i s p l a y i n g  r e l a t i v e ly

s m a l l  cha rac te r s  w i t h  moderate  to hi gh dot m o d u l a t i o n .

B y compar ison , the  random search and menu search t a s k s  are

r e p r e s e n t a t i v e  of s i u t a t i o n s  in w h i c h  the  observer  must  l ocate  a symbol

or group of symbols w h i c h  are u n r e l a t e d  to o the r  d i sp l a y e d  i n f o r m a t i o n .

Redundancy is v i r t u a l l y  zero , and l o c a t i o n  u n c e r t a i n t y  is maximum .

Th i s  ty p e  of t a sk  is f a c i l i t a t e d  by c h a r a c t e r s  which  are much larger ,

have greater  dot m o d u l a t io n , and la rger  dot s i z e s .  In  a d d i t i o n , as an

expe r imen ta l  task , the menu search is more p r e d i c t a b l e  w i t h  sma l l

imte r sub jec t  v a r i a b i l i t y  than  is the  random search t a s k .  Thus , for

future  research , the  menu search paradigm is recommended over the

rand om search.

Agreement with Previous Research

Whe re comparisons  cam l e g i t i m a t e l y ’  be drawn , the r e s u l t s  of these

P x p e r i m e n t s  l a r g e l y’ agree w i t h  p rev ious  i so la ted  s tud ies .  On a v a r i a b l e -

b y - v a r i a b l e  b a s i s , such ag reemen t s  and o v e r a l l  r e s u l t s  are summarized

below .

.
. 1
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t i ( ’OL’ t Op  5 i a ~ - . Prev i ous rv- s c-ai- ch had recommended c h a r a c t e r

si : es  of at l e a s t  12 m i n u t e s  of ar c  for  85°c c h a r a c t e r  r e c o g n i t i o n  and

16. -I m i n u t e s  of a r c  for  97~o r e c o g n i t i o n  for  s ing le , c l e a r l y  d e f i n e d ,

nomblu r r ed  c h a r a c t e r s  h a v i ng  a m o d u l a t i o n  of at least 8S~ O Wow e l l  and

Kraft , 1959) . Shu r t l e f f  (1974) and G i d d i n g s  ( 1972)  s i m i l a r l y

recommended 22 and 21.5 minutes of arc angular subtense , respectivel y,

as being op t ima l , a l thoug h h owe l l  and Kra f t  (1959) i nd i ca t ed  27 m i n u t e s

of arc was needed for blurred characters and Shurtleff , et al. (1966)

sugge sted 36 minutes  of arc migh t  be needed for  ras te r -scan  charac te r s .

The present r e su l t s  c l e a r l y  i nd i ca t e  tha t , for hi gh modulat ion

characters , no further improvements are obtained beyond 11 minutes of

arc for single character recognition in a known displa y location

(Sectio n I I ) .  If the modu la t i on  is reduced to the order of -W°o , then

la rger ( e . g . ,  17 arc m i n u t e )  charac ters  are needed even if there is

some con tex tua l  e f f ec t  (Sec t ion  IV) .

To m i n i m i z e  r ead ing  t i mes , 25 minu tes  of arc seems maximal  for

character vertical subtense (Sections III and IV). To minimize search

time , however , larger characters prove better , as shown in Section VI

for the SELF-SCAN characters  which subtended 63 minutes  of arc .

Dot size. Smal ler  dot s izes  ( e . g . ,  0 .76  mm ) a re best for r ead i n g

contextual  material , wh i l e  la rger dots ( and therefore  genera l l y’ l a rge r

characters) are best for search tasks. A 1.5 miii dot is better for a

search task  than is a 0 . 7 5  miii dot , w h i l e  the  converse is t rue for  a

readi ng t ask .  A reasonable compromise , if the  d i s p l a y  is to he used

for both types of task , is a dot with diameter on the order of 1.0 to

1 . 2  mm .

2 51
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:0 t -0  . I h i -  no re squa i’e t h e  dot , the it t i- r t l i i -  oh -  i - r i  er

can  p e r f or m  read i ng , si - arch , and s i n g l i -  c h a r a c i  i~F i’i’coglti tion tas ks .

Elonga ted d o t s  ace measurabl y- I)ooi’ c’r

::O t ~~ Z C ~~~i~~~~~ C .  The p resen t  r e s u l t s  c l e a r l y- i n d i c a t e  t h a t  p e r f o r m a n c e

inc reases  as in t e rdo t  spac ing  dec reases . A do t spa c i n g/ s i : e ra t io of

0 .5  is super ior  to one of 1 .0  or 1 . 5 .  T h i s  r e s ul t  e s s e n t i a l l y agrees

w i t h  t h a t  of E l l i s , et a Z .  ( 1 9 7 4 ) ,  who found t h a t  pe r fo rmance  w a s  b e t t e r

w i t h  a 0 . 5  r a t i o  t h a n  w i t h  a 1 .0  r a t i o .  I n  gene ra l , the  da ta  suggest

t h a t  the  c loser  a dot m a t r i x  c h a r a c t e r  ap p r o x i m a t e s  a c o n t i n u o u s  s t r o k e

charac te r , the be t te r  w i l l  be the  observer ’ s pe r fo rmance .

Dot luminance/ modulation. These p a r a m e t e r s  are , of course , not

independent  of one ano the r  or of the  a m b i e n t  i l l u m i n a n c e .  W hat  m a tt e r s

most to the v i sua l  sy s t e m , for  the  most pa r t , is t h e  dot  m o d u l a t i o n , as

long as i t s  luminance is above a reasonable  l eve l , say 25 cd/m .

H o w e l l  and K r a f t  (1959) recommended a m o d u l a t i o n  of 94 % , but

suggested t ha t  88% was a c c ep t a b l e .  The present  r e su l t s  i n d i c a t e  t h a t

75% for words ( l e t t e r s  in c o n te x t )  is e q u i v a l e n t  to about 90~ for

noncontextual  m a t e r i a l .  Thus , the i r  previous  r esu l t s  hi g h ly  agree w i t h

ours and point  out that  s ing le sym bols  arid cha r ac t e r s  mus t  have h i gher

m o d u l a t i o n  to be 85% r e c o g n i z a b l e  than mus t  p a r t i a l l y ’  redundant

charac ters .  In hi gh ambient  c o n d i t i o n s , a p p r o p r i a t e l y- des igned  f i l t e r s

and g lare sh ie lds  become mandatory . If ambient  i l l um i n a n c e  is

c o n t r o l l a b l e , a r e l a t i v e l y  low level  of 20 to 50 lux is d e s i r a b l e  for

maximum d i s p l a y  i n f o r m a t i o n  t r a n s f e r .

Fo~o,- selection. Sec t ion  V I I I  da ta  i n d i c a t e  t h a t  t he  I l u d d l e s t on

fon t  i s  s up e r i o r  to o the r  f o n t s  for  a r e l a t i v e l y- s m a l l  ( 1 4 . 4  a r c m i n u t e )
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5 -~ 7 n at  r ’ i x , hu t  t ha t  t h e  L irico 1 t i / M i t  cc- f o n t  1 s to  h e  p r e - f t , i-red f o r

lar~ er’ m a t r i x  Si  :es o f  t h e  sarue or l a r g e r  c h a r a c t e r  si :e ( L x J )  to

2 2 . U  a r c m i r i u t e s ) .

T h i s  r e s u l t  is  i m p o r t a n t  fox ’ s o f t w a r e/ f i r m w a r e  c h a r a c t e r

gen e r a t o r s , as w e l l  as foi’ m a t r i x  s i :e  s e l e c t i o n s . I t  agrees w i t h

t h e  r e s u l t s  of V a r t a b e d i a n  ( 1971)  and S h u r t l e f f  ( 1 9 7 - I ) ,  who conc luded

t h a t  a 5 x 7 m a t r i x  s i z e  was i n f e r i o r  to la rger  (7 x 9 or 7 x 11)

m a t r i c e s .

These  r e s u l t s  a p p l y  o n l y to cap i t a l  l e t t e r s  and n u m e r a l s .  I f

both upper and l ower  case letters are required , a ma tr ix  larger  than

5 7 is r e q u i r e d  to d i s p l a y  t he  descenders  on the  l e t t e r s  g,  j ,  p ,  q ,

and v . Larger  m a t r i c e s  are a l so  r equ i r ed  for some symbols , subscr i p ts ,

s u p e r s c r i p t s , i t a l i c s , and perhaps  o the r  un i que needs.

I- ’~7cZ ~~ ~UC1l~~t~ ‘~ L -~ 00 ~~is] - :’~~~ On

I n  S e c t i o n  V we presented  an emp i r i c a l l y- de r ived , l i n e a r  m u l t i p l e

r eg res s ion  pre c~i i c t  ion  e q u a t i o n  for  each e xp e r i m e n t a l  t a s k .  These

equat ions  were  subsequent l y v a l i d a t e d  w i t h  p roduc t ion  d isp l a y s  in

Sec tion V I . The relationships between predicted and actual search and

reading performance lev els were quite satisfactory and led to a

log ical accep tance of the models , which  were subsequen t l y’ extended to

greater ranges of the predictor variables by the process described in

Sec t ion IX .

Al though no subsequen t cross-validation studies have been conducted

on the Section IX model equations , these equations have been app lied to

photometric scans made from severa l additional dot-matrix display’s under

a varie ty of circumstances , The predicted observer performan ce levels
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are heur st ica 1 ly reasoniahi l e , log i c a l l y ordered , and well bchave-d -

I h us , we have l i t t l e  reason to doubt  t h a t  t h e  m o d e l s  p r e se n t ed in

S e c t i o n  l\  are good predic tors of search and reading performance with

d o t - m a t r i x  d i s p l a ~~s. Of course , f u r t h e r  research validation is quite

d e s i r a b l e .

i’~~~~~)P10 t1 ’~ L~ ~‘-!cs,zsui ’emen t

Photometric measurement techn iques hav e been discussed in some

de ta i l  throug hout this report . This attention to detail has been

del ibera te , for we s t rong ly’  he l  i ev e  t h a t  such m e a s u r e m e n t s , a~ ~~

display surface , are critical to the development of an understanding

of image quali ty concepts and to improved display desi gn. Visual

inspec tion and area measurements of disp lay’ l uminance are totall y

inadequate. The visual system respond s differentiall y to do t ed ge

gradien ts , do t i rregu lar i ties , elec trode pa tterns , and the like. Only

by such microp hotometric measurement can data be obtained on the

ph ys ica l  var iab les  of the d ispl ay w h i c h  a f fec t observer  in fo rm at ion

ex trac t ion , as demonstrated in Sections IV , \‘
, and V I.

One- vs .  T~o—Dirnensional Photomc~ i ’~

In a l l  p ho tome t r i c  m e a s u r e m e n t s  d e s c r i b e d  in th i s  repor t , one-

dimensiona l scans were made , either v ert r e a l l y or h o r i : o n i t a l l y  or b o t h .

I t is also possible to scan a dis play surface in both dimensions ,

crea ting a two-dimensional array of lum ini a ii ce information. Such an

a r r ay ’  can t h e n  he analy :ed in  a v a r i e t y ’  of wars , includin g a two—

d i m e n s i o n a l F o u r i e r  anal y ’s i s .  There  i s  a good possth  i 1 i ty t h a t  t h e

i’ o i - t f i c  i c n t s  of a t w o — d i m e n s i o n a l  h u r l e r  a n a l y s i s  mi ght se eve as
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predic tors of operator performance , following th e argument offered

by Pantle (197-1). Such an approach is recommended in future research

e f f o r t s .

Remaining Research Questions

While considerable progress has been made in the need to predict

and understand information extraction from dot matrix disp lays , severa l

research ques t ions and recommend a t ions have also surfaced . These are

noted here for the benefit of future research p lanning .

Font optimization. Our results have shown that there is a

subs tan t ial  in terac t ion among ma tr ix  s ize , character size , and fon t

for numera ls  and cap i tal letters. We know virtuall y no th ing  abou t

thi s in terac t ion for symbols , lower case le tters , subscri pts , super-

scripts , etc . Such research is c l ea r ly  and urgen t ly needed , even

thoug h the prolifera tion of various character sty les con t inues

unabated with the development of new display hardware .

Mode l deve lopment. While the current prediction equations

(Section IX) are usefu l and qui te va l id , they can probabl y be improved

upon by two-dimensiona l photometric ana lysis , as suggested above. They

should also be revised to include display’s which have dot fundamental

spatial frequencies above SO cycles/degree , i.e., characters which

v i s u a l l y appear to be “stroke ” charac ters. The present equations

canno t he applied to such displays .

Paging displays. In several app l i c a t ions , such a s menu l i s ts

and word pr oces s ing  sy st em s , the dis p lay - cannot present all pertinent
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juu t oi ’in at io n sir nuul t aneo us l y , ‘lo oi- cI’e- omi- t h i s  I m i  t a t  i on , t h e  d i sp lay

i s  t\’p ica 1 l v  sci ’o 1 1 i’d , i i-c t ii ’a 1 1> - or hon :ioui t a 11 V .  No data i- .i 1s t  0!

t he  effect of s c r o l l  r a t e ’  on infontu at ion extr act ion p er t  o x ’ r n a u i c e .

I nten’act ions with character s i z e , m a t r I X  si  :e , inuform at i on density ’ ,

and other va n a b  le ~5 s h o u l d  he antici pated . Such research i s  needed

and i-ecom nu ended
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X l ,  ~Hy i~t - \ky \ N l  l ! l S I ~~\ E L L OMM I N t A l I ONN

Taker ’i as  a w h o l e , t h e  re -sex ! ts of t h e s e  exper inient and a ria l y se- s

o f f ~ x- St  rong  guide l i lies for the Ji-s i gn of dot —m at x’ ix d i sp 1 a-~’s f o x -

maximum infox ’un at ion t r a u u s m i  s s i o n u . The r e s u l t s  f u r t h e r  show t h a t  a

s i n g le  p o i n t  des i gn i s  quit e unlike l y- to he opt  mal for various

observer tasks; rather , thi - disp lay should he opt m i  ~ed f o r  t h e  t vp e

of task x ’equ i red of t h e  u s e l ’  - For  pu t -pos e ’s of genera l i :at ion and

reco nuux enda t  i on , sn~~gestei l  des i go guidelin e - s s i l l  he o f f e r e d  fox -  two

g e n e r i c  ty p e s  of t a s k s :  ( 1 )  r ead i n g  of pa r t  i a l l y  x -edundan t  , c o n t e x t u a l

m a t e r i a l  in wh icE each chax -acte x- is part lal y iired i c t a b l  e from the

li l t  ac cu t  c-ha  rac t c r~ and c o n t ex t  of t h e  mat  cx’ i a 1 , and ( 2 )  n o n c o n t  c- ’. t

d i  sp l a’-s , i n  which the obsei- ’,er is ( tvp i cal lv) searching for a sin g le

cL i r a c t e r , or s m a l l  g roup  of un r e l a t e d  c h a r a c t e r s , on a d i sp l ay

con t a  i n i n g  a large n u m b e r  of such  c h a r a c t c x - s

D e s i gn recom ine n da t  i o n s , on a variable—b y—variable basis. a re

g i i’en i n  F a b l e  38. M os t  of t h e s e  recommenda t  ions ar e  derived from

the data and results pre~~-~~ eel in this report . Ithere such data have

not been g e n e r a t e d  s p e c i f i c a l l y ’ , previous experimental results have

been app l ied as g u i d e ! ines  . -\s in  a l l  d e s i gn recommendations . thos e

va liii ’ s are not defensible to hett Cr t han  10% or so - They should be

app l  i ed m t  i - I  1 i gen t  I ~ t o  a ni  g i v e n  des igni app l i cat ion , w i t h a f u l l

u n d e r s  t and j u g  of :x p p r o p r  h i t  e human  e n g i n e e r i n g  , c o mp o nen t  des go , and

s y s t e m  i n u t e - g r a t i o u i  p r i n c i p l e - s .
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‘(‘ABLE 38. Desi gn R c ’ c o uun e n d a t  ions for Dot — M a t r i x  D i s p l a y s

( ‘0 f l t e-x t U 1~ :— ~~i~~~~ i~ “c-n~
j- e.; -az Z ‘

~

Do t Si:e~
’ 0.75 mm 1.2 to 1.5 mm

Dot Shape Square Square

Do t Spacing /Si :e Ratio < 0.5 ~ 0.5

Matrix 5j:eb 7 X 9 9 X ~l

Charac ter Size a 16 to 25 arcrninutes 1.0 to 1.2 arcdegree

7 -)

Dot Luminance > 20 cd/m~ > 30 cd/ rn ”

[)ot Modulation > 75% > 90%

Ambien t Illuminance < 125 lux < 75 lux

b . ‘ ,Fon t Lincoln/Mitre Lincoln /Mitre

a
ASS~~ CS given levels of other variables .

bNumera l s  and upper case le tters only .
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5. - I l u x

E l  en ient  I: 1 em mient  I n te re ’  1 e mmle ’ i i t  Read jil L’ Rand om M e n u
S i : e (mm ) Shap e a Sp a c i n g/ S i : e ’  R a t i o  ‘lest(s) S e : t r -c h ( s j  s e a r c h ( s )

0 . 7 6  S 0 .5  1 . 1 3  0 .o S  5 , 37

0 .76  S 1 .0  1 . 55  6 . 9 9  5 . 4 1

0 .76  S 1 . 5  2 . 71 5 .58  6 .89

0.76 H 0.5 1. 72 6.3-1 6 . 4 4

0 .76  U 1.0 1 , 85 5 . 1 5  5 .9 5

0 .76  H 1.5  2 , 23 6 . 2 3  6 . 5 2

0.76 V 0 . 5  1.80 5 , 5 - 1  6 . 2 2

0 . 7 6  V 1.0 2 , 05 7 . 6 7  6 . 4 0

0 .76  1-’ 1.5 0 .86 5 .95  6 .34

1.14 5 0 . 5  0 .61  4 . 8 3  1 .17

1 .14  5 1 .0  1, 115 5 . 5 2  5 .00

1.14 S 1.5  2 , 25 5 . 5 4  4 , 9 9

1.14 H 0.5 0.61 6.51 5,69

1.14 H 1.0 2 . 4 7  4.59 5.22

1.14 H 1.5 3.9u 8.92 6.88

1.14 V 0 .5  1. 75 5.50 5.96

1.14 V 1.0 1 -16 5.58 5.80

1.14 V 1.5 2 . 1 3  4 , 5 4  5 . 1 4

1.52 S 0.5 1.43 6.60 5.78

1.52 S 1.0 2 .63  4 . 36 5 .68

1.52 S 1.5 3.01 4,64 5.60

1.52 II 0.5 2.24 6 . 94  5 . 7 7

1.52 1-1 1.0 2 .93  6 .15  6 .03

1.52 H 1.5  3 . 4 2  5.53 6 .55

1.52 V 0 . 5  1.89 5.36 4 . 9 6

1 .52  V 1.0 2 .05  4 .38  5 . 62
1.52 V 1.5 2.03 5.38 5.58

= square;  H = horizontall y elongated rectangle; V = v e r t i c a l ly
el ong a ted r ecta n g le .
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I I emen l t I I i’m em i t  l i l t  ~
_-m ’ v I etti e i t t  Read i ng Na ndomit Me m i u

Si :e’ pnm m m ) Shiape a Sp ac i ng /S  i :e Rat  io Tes t  (s)  Sea r c h  ( s)  Search (s)

0 . To S 0 . 5  0 . 18  7 . 2 5  6 .01

0. 7o S 1 .0  1 . 45  9 .31  6 .04

0. 76 S 1 . 5  2 . 4 7  7 . 4 9  6 .63

0 . T h  Ii 0 . 5  2 .0 1  12 .60  7 . 1 4

0 . 7 6  ii  1 . 0  2 . 1 7  9 . 2 8  6 . 8 5

0 . 7 o  Ii 1 .5  2 . 7 5  6 . 3 2  6 .33

0 . 7 6  \‘ 0 . 5  2 . 1 5  8 .35  6 . 0 4

0.76 V 1.0 2.98 14.05 7.74

0.76  V 1 .5  4 .86  2 i . 5 5  7 .68

1.14 S 0.5 0.66 5.52 4.77

1 .14  S 1 .0  1.54 5.88 5.60

1 . 1 4  5 1 .5  3 . 2 9  8 .05  5.31

1.14  H 0 . 5  1.13 7 . 7 1  5 .46

1 .14  ii 1 .0  2 .80  7 .60  5.34

1. 14  11 1.5 1.85 8.90 6.98

1.1 -1  V 0 . 5  1.17 8.58 5.36

1.14 V 1.0 1.89 7 .56  6 .00

1.14 V 1.5 1.74 5.93 5.28

1.52 S 0.5 1.31 7.02 5.63

1.52  S 1 .0  2 . 3 2  6 .16 5 .18

1.52 S 1.5 2 .92 7 .69 6 .05

1. 5 2  H 0 .5  1 .94  8.36 6 . 2 7

1.52 II 1.0 3. 67 8 .84 6.13

1.52 H 1 . 5  4 . 4 0  7 . 5 2  7 . 0 4

1.52 V 0.5 1.54 6.06 5 . 4 7

1.52 V 1.0 2.41 6.41 5.10

1 .52  V 1 .5  2 .05  7 . 2 7  6 .36

= se1aare; H = h o r i z o n t a l l y  e longated r e c t a n g l e ;  V = v e r t i c a l l y-
e longaged rec tang le.

205

—— —~~~ —— -— - --~~~~~~~~~~~ — 5 -



- --~~ — - - 5-—’— --- -—-5 - - ——  - — — --‘----—--‘-- -- 5-_~

APPENDIX B

WORDS AND ANAGRAMS

266

-‘ - -~~~~~~~~ -- - - ‘ “- -— -5-——— — — ‘  



_______ -- -— 5- ‘~‘~~~~~ —‘ ‘~~~~~~~~~~~“V~ ~~~~~~~~~~~~ 

- 

F A M I L I A R  WORDS ANAGRAM UNF AM ILIAR WORDS ANAGRAM

ABLE EABL AXLE XLAE

ARMY YMRA AGED DGAE

AWAY AYWA AIDE DATE

BAC K AKBC ARID lARD

BANK NBK A AXIS XSAI

BIRD RBDI AVID IV DA

BLOW LWBO BAI L IABL

BLUE ULBE BEAK EBKA

BODY OYBD BEVY EYVB

BORN ONRB BLUR IJRLB

BOTH HOBT BOAR OABR

BURN UBRN BRAY AYBR

BUSY SYBil CANE EACN

CAMP MPCA CASK SCKA

CENT NCTE CHAP AHPC

CITY TYC I CHEF EMC F

CLUB BLCU COIL IOCL

COLD OCLD CRIB IRCB f .
DARK ADRK DICE EI CD

DOWN WDNO DIRT RTDI

DRAW AWDR DOVE EDVO

DROP PRDO DRIP IPDR

DUTY UYDT DUEL LDEU

FACT AFCT DUPE EDPU

FARM AFR M EDIT I EDT
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F,—\.~\I II. IAR WOR I) 5 ANAGR AM 1) 5 ) - AM I L I  AR N O R )  5 AN,-\GRA> 1

FAS’l ‘FFS ,-\ L’l ’CIl TO IL

FE L’I’ LF ’I ’E EM I l’ I Em

FLOW OWF L SWAP PSWA

FORM OMRF SWAB A1SSB

GIRL RLGI SURF RFSU

GLAD AGLD FERN RNFII

GOLD LGDO FEUD UDFE

GREW EWRG FIST STFI

HALF AHLF FLAP AFPL

HAN D Al-IND FOXY YXFO

HANG ANHG FURL RLFU

HARD DRHA GERM RMGE

HELP LPHE GLIB  IBGL

I-hELD EHLD GLUE UEGL

HOUR U RI-lO GUST STGIJ

HURT RTHU GRIT IRTG

INCH CHN I GOSH OHSG

JUST STJU HARP RP I -IA

KIND NDK T HAUL AUHL

LEFT FLTE HERB EBHR

LON G OGNL HYMN MNY H

LOST OSTL HURL UHRL

MfiJ’4Y ANYM HI VE VHE I

MARK RMKA ITCH CTH I

MIND ND MI SUNK USKN
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FAM 1 1, 1 AR WORI)S ANAGRAM LJ N I-AMI LI AR WORDS A\-\ 1 CAM

MOS t’ S’I’MO SULK KS LU

MilCi I CI IMU S I I J N  I J I ’NS

Nl:CK CR51, STAG ATSG

N LWS IOs’SN STAB ABST

NLXl ’ EN’I’X JADE EJDA

ONLY OYNL JER K RKJ E

PART RTPA J IL T  LJTI

PICK CKPI  JO WL WLJO

PLAN ANPL .JOLT OJ LT

PLAY AYPL JAIL  I LJA

REST RSTE JUN K NKJU

RICH RCH I K I L N  LNKI

ROCK OKCR K ITE I KTE

SALT SLT A KNOB OBNK

SEND NDSE S N I P  IPSN

SHIP IPSI -1 LUSH SHLU

SHOT OTHS LARD ALRD

SHOW WOHS LE WD ELWD

SICK KCSI LIC K CKLI

SNOW OWSN LIMP MPLI

SOFT OSTF LUR K RKLU

SOLD DSLO LYRE YRLE

SONG NGSO MALT ALMT

SORT RTSO MINT NTMI

STAY AYST MIN K NKN I
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p~’~~ LIAR WORDS ANAGRAM IINFAM I L I A R  WORDS

STOP OPST M ORN RN MO

SUCH CL I SU MOTH O~’fliT

T,-\LK LT KA MYTH YMII T

THAN ANHT NEWT WN’I’l:

THEY HTEY N I C K  N K C I

THIN HN TI NOUN ONUN

TRIP IRPT UNDE NEDU

TURN RNTU NUMB U M BN

TYPE YPTE SMU T UMST

UPON OPNU SLUR URS L

VERY RYVE ORGY RGYO

WALK LKWA OVAL AOVL

WANT ANTW OATH HTAO

WARM AMRW OGRE OEGR

WASH A1-ISW SLIT I LTS

WEST SWTE SLAB ABSL

WHOM OMWH PAWN WNPA

WI LD LDWI PECK CK PE

WIND ND W I PELT LTPE

WING NGWI P ERK RKPE

WISH II SWI P I N T  NT P I

WORD R DW O PORK RKPO

Wok ) : RKO W S K I D  ID SK

R DY-\  SIF ’I ’ FTS I

BE ST STBE SI ,-\’l
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I A N  1 L I A R  WORi ) S ANA ( ;RAM IINFAM I LI ,-\R WORDS ANA GRAM

COST C FSO SLAM AN SI.

F I N D  NI ’iF l SLAG AGSL

FIS H SHFI S K I P  IP S R

HOLD LDHO RAFT FTRA

LAST SLTA RAKE A EKR

MUST UTSM RASH ASRH

PAST TSPA RASP PSRA

POST PTOS RE LY YLR E

RING N G RI ROUT UOTR

SHOP PSHO SCAB ASBC

SIGN GNSI SCAN ACSN

SING NGSI SERF RFS E

SKIN N S I K  SHOD 0USD

SPOT OTSP SHUN UHNS

STEP EPST SIFT FTSI

THEM EMH T SILT TLSI

THEN HNTE TAX I XTA I

THIS lUST TEXT TXTE

TOLD OTDL THAW AW1I T

WENT NTWE TIE ) Y IYDT

WHAT 1IWTA TRAY RYTA

WITH I W II T T REK ETKR

CAM E -XCI /M ‘[Uk F R FTII

Co.-\I oAI ,~: 1115K IIKST
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F A M I L I A R  WORDS ANAGRAM u N F A M I L I A R  WO RI ) S

EASY ALS Y TUCK CTKU

FAIR IRFA VENT NVTE

FIVE VFEI VERB RBVE

GAME EMGA VEST ETSV

KNEW WKNE WARP RPWA

LAID IADL WELD LDWE

LAND NDLA WHIM I MWI-I

LIKE IKLE WINK NKWI

MINE IMNE WISP IWSP

ONCE OENC WREN ENRW

PAGE EAGP YARN RNYA

PATH HTPA YELP LPYE

RULE EULR ZEST TZSE

SENT ESTN FLUX UXLF

SIZE EISZ BULB BLBU

TRUE tJETR MENU ENMJJ

VIEW EWVI TROD ODTR

YOUR UOYR TSAR RSTA

SURE RSEU FANG NGFA
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